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Abstract
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Abstract
Thick-film technology has found applications on miniaturised hybrid circuits in various fields
(automotive electronics, televisions, ...). This technology is also now widely used for the
fabrication of force and pressure sensors that use the piezoresistive properties of thick-film
resistors.
The goal of this work has been generated by the fact that usual piezoresistive pastes / inks were
optimised for applications on alumina, which is the standard substrate for thick-film technology,
but ill suited for more flexible substrates such as aluminium, steel or Ti alloys. We were limited
by the process conditions of the commercial pastes, in particular the too high firing process that
does not allow the use of substrates with melting temperature < 850°C. This technological lack
leads to manufacture a new generation of piezoresistive pastes with low firing temperatures (Tf:
500 ... 700°C). In parallel, we aim to optimise the electrical properties (resistance R, temperature
coefficient of resistance TCR and gauge factor GF values) by highlighting the link with the
structural evolution during the firing process and the obtained properties, and by understanding
the conduction process in such percolative systems.
Study of usual commercial piezoresistive pastes allowed us to determine that such
piezoresistive pastes are composed of a percolating network of nanoconductive RuO2 grains
embedded in a lead borosilicate glassy matrix. Evolution during the firing process was
emphasised and showed the importance of controlling the firing parameters to assure the best
properties for the final thick-film. Commercial pastes are characterised by a TCR value close to
0 ppm/°C, a reasonable sheet resistance value (R ~ 10 KOhms) and a gauge factor comprise
between 10-12, that can be influenced by structural and process parameters. Indeed,
complementary studies on sensitivity and stability were realised, because of limited available
information in literature concerning the effect of firing schedule, particularly of quenching, and
have shown that these properties are very dependent on the conditions of firing, although the
main commercial pastes showed a moderate stability. In fact, this study showed that a
compromise should be found between the different properties (for instance, high GF pastes
presents a poor stability), and emphasises the fact that they should be optimised.
 
A manufacturing process has been developed, process never well described in the literature,
leading to the realisation of different lead borosilicate glasses. It has resulted in the ability to
realise three series of model piezoresistive pastes with different ranges of firing temperatures
corresponding to high (700°C), low (600°C) and very low (500°C) firing temperatures. The
control of several parameters (glass composition, conductive phase concentration, grain size,
firing temperature...) allowed us to direct precisely our research to elucidate the principle of
conduction in such percolative systems and the reactions occurring between the elements and
their influence on the electrical properties. 
Structural and electrical properties were studied by varying diverse parameters such as
conductive grain size, concentration and firing temperature, and a coherence was found between
the electrical behaviour (conduction process) and its relation to the complex nanostructure. In
other words, this key chapter presents the results and their interpretation by a model of
conduction based on a nonuniversal tunnelling percolation theory and based on a previously
unpublished hypothesis. Indeed, it was demonstrated that the piezoresistive response of the
pastes changed dramatically depending on whether the composites were universal or not. For
the composites with critical exponent t ~ 2, the piezoresistive factor Γ showed no dependence
upon the RuO2 volume fraction x, whereas the nonuniversal composites displayed a logarithmic
divergence of Γ near the percolation threshold. We have interpreted the piezoresistivity results
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as being due to a strain dependence of the critical exponent when this was nonuniversal. We
have brought forth a microscopic formulation to the phenomenological level proposed by
Balberg, and we can now assert that thick-film resistors (TFR) are mainly nonuniversal
compounds showing transport exponent t larger than the universal limit t = 2.0. This exponent
t depends on strain and leads to a logarithmic divergence of the gauge factor. The possibility of
influencing t by external means (e. g. strain) has never been studied so far. We have proposed a
new way to investigate percolative systems by studying the behaviour of piezoresistive pastes.
After having elucidated the conduction mechanism in such piezoresistive pastes, we studied the
influence of different parameters (Tf, grain size, concentration, dwell time) on the main
electrical properties (R, TCR and GF). Structural analysis gave a possible interpretation of the
results. RuO2 parameters have direct effects on the R, TCR and GF values. Tf acts on
microstructure provoking interactions between the bulk components and the substrate (in case
of high Tf), and consequently leading to a modification of the electrical properties.
The same complementary studies as commercial pastes on stability showed a combined
influence of the cooling rate and the temperature dwell-time on R and TCR values. The results
are in coherence with commercial pastes. The evolution of the values can be explained by
diffusion phenomenon and local microscopic strains due to important cooling rates.
The evolution of R upon annealing 250°C was found to depend strongly on the cooling rate for
commercial and model pastes, but this observed trend tends to saturate. These new series of low
firing temperature were shown to be not as stable as the «best» commercial pastes, but their
variations are much similar to «medium» commercial one’s. At 250°C, possible evolution
mechanisms could involve Ru in glass (dissolved or in clusters), or mechanical relaxation that
can be extrinsic (macroscopic thermal mismatch between resistor and substrate) or intrinsic
(local thermal mismatch between glass and conductive phase), and which can later relax during
annealing. 
During this analysis, technological problems have been emphasised and a section was dedicated
to resolve the problem of the unsuitability of the substrate to the very low firing temperature
system, which showed local strain that induced cracks and leading to electrical instability.
Moreover, it was shown that these new pastes could be optimised by additives or used on more
adapted substrates.
However, these obtained series offers a large range of TCR and R values for different low Tf and
it would be useful for technological goals. The best proof of the success of our study was the
realisation of sensor prototypes based on different substrates such as steel, aluminium and even
glass.
This work has allowed to realise a detailed study of piezoresistive pastes and to complete
previous research in this field concerning the influence of firing parameters (quenching) and
annealing studies.
From a scientific point of view, this first step allowed to show that nanostructure, conduction
mechanism and electrical properties are intimately linked. By choosing adequate and relevant
compositions, structure and firing, we proposed a new way to unveil the conduction process that
has not been yet elucidated. From a technical point of view, their stability could be enhanced
with a higher GF or adapted TCR. However, they present a large range of applications because
of their different Tf and their different TCRs. Thanks to this particularity, these pastes could be
used on different substrates, and we could expect a larger technological impact by optimising
our piezoresistive pastes by additives to better control their properties.
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Version Abrégée
La technologie des couches épaisses est couramment utilisée pour la réalisation de circuits
hybrides miniatures touchant divers domaines (électronique de voitures, télévisions, ...). Cette
technologie a ainsi trouvé des applications dans la réalisation de capteurs de force et de pression
qui utilisent les propriétés piézorésistives des résistances en couches épaisses. L’origine de ce
travail de thèse est basée sur le fait que les encres / pâtes piézorésistives commerciales
usuellement utilisées sont optimisées pour des substrats en alumine, mais mal adaptées à des
substrats aux propriétés mécaniques plus intéressantes (comme l’aluminium ou l’acier, plus
flexibles). L’utilisation de pâtes commerciales nous contraint à des procédés de mise en oeuvre
nécessitant de hautes températures de cuisson (Tf: 850°C), ce qui interdit toute possibilité
d’utiliser des substrats se dégradant dans ces conditions, tels que les alliages d’aluminium et de
titane, ainsi que la plupart des aciers. Ce manquement technologique nous a donc amené à
mettre au point une nouvelle génération de pâtes piézorésistives ayant de basses températures
de mise en oeuvre (500...700°C). Dans un même temps, nous nous sommes intéressés à
optimiser leur propriétés électriques (valeurs de resistance R, de coefficient en température de
la résistance TCR, de facteur de jauge GF) d’une part en mettant en relation l’évolution
structurale durant la cuisson et les propriétés obtenues et d’autre part en expliquant le procédé
de conduction dans de tels systèmes percolatifs.
L’étude de pâtes commerciales courantes nous a permis de mettre en évidence un réseau
percolatif de nanoparticules de RuO2 dispersées dans une matrice de verre de type borosilicate
de plomb. L’évolution de ces pâtes pendant la cuisson a montré l’importance de contrôler les
paramètres de cuisson qui assurent des propriétés optimales pour de tels films. Les pâtes
commerciales «optimales» sont caractérisées par une valeur de TCR proche de 0 ppm/°C, une
valeur de résistance raisonnable (R ~ 10 kOhms) et un facteur de jauge compris entre 10 et 12.
Ces propriétés peuvent être influencées par des paramètres de mise en oeuvre mais aussi
structuraux. En effet, des études complémentaires dédiées à la sensibilité et à la stabilité, vu le
manque de données concernant l’influence des conditions de cuisson, en particulier de la
trempe, ont permis de démontrer une forte dépendance de ces propriétés sur les conditions de
cuisson, malgré la relative stabilité observée pour la majeure partie des pâtes commerciales. En
fait, un compromis est généralement fait entre les différentes propriétés (par exemple, les pâtes
à haut GF présentent une stabilité amoindrie), et souligne la nécessité d’une optimisation.
Un procédé de fabrication a été mis au point - procédé toujours trop brièvement décrit dans la
littérature - et a permis de réaliser trois séries de pâtes piézorésistives modèles basées sur
différents verres au borosilicate de plomb afin d’obtenir différentes températures de cuisson:
une haute (700°C), basse (600°C) et très basse (500°C) température de cuisson. Le contrôle de
plusieurs paramètres (tels que la composition du verre, la concentration en phase conductrice,
la granulométrie ou encore la température de cuisson) nous a permis d’orienter précisément nos
recherches afin de mettre en évidence le principe de conduction dans de tels systèmes
percolatifs et les réactions entre les différents composants ainsi que leur influence sur les
propriétés électriques.
Les propriétés structurales et électriques ont donc été étudiées en fonction de différents
paramètres tels que la granulométrie du RuO2, sa concentration et la température de cuisson.
Ainsi, les propriétés électriques (liées au procédé de conduction) et ces nanostructures
complexes ont été corrélées. En d’autres termes, ce chapitre clef présente une interprétation des
résultats par un modèle de conduction fondé sur la théorie de percolation basée sur un transport
par effet tunnel non universel, qui s’appuie sur une hypothèse originale et auparavant non
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publiée. En effet, la réponse piézorésistive de ces pâtes dépend de l’universalité ou non du
transport, déterminé par la valeur de l’exposant critique t. Un exposant égal à 2 dénote un
transport universel entre les nanoparticules ce qui est traduit par un facteur piézorésistif
indépendant de la concentration volumique de RuO2. Par contre, dans le cas d’un transport non
universel (t>2), le facteur piézorésistif présente une divergence logarithmique près du seuil de
percolation. En montrant que dans ce cas, t est dépendant de la contrainte appliquée, nous avons
apporté une formulation microscopique au phénomène mentionné par Balberg. La possibilité
d’influencer t par une contrainte externe n’a jamais été proposée auparavant. Nous avons donc
ouvert une nouvelle voie pour l’étude de tels systèmes percolatifs.
Après avoir élucidé le mécanisme de conduction, l’influence de différents paramètres (Tf,
granulométrie, concentration, temps de cuisson) sur les propriétés électriques a été étudiée à la
lumière d’analyses structurales. Les paramètres liés à la phase conductrice ont des effets
directes sur les valeurs de R, TCR et GF. Tf agit plutôt sur la microstructure en favorisant les
interactions soit entre les composants de la pâte ou soit avec le substrat (en cas de haute
température), et mène donc à une modification des propriétés électriques. Comme pour les pâtes
commerciales, les études similaires de stabilité ont été menées et ont montré une influence
conjuguée de la vitesse de refroidissement et du temps de cuisson sur les valeurs de R et TCR.
Ces résultats sont en accord avec ceux des pâtes commerciales. L’évolution de ces valeurs peut
être expliquée par des phénomènes de diffusion ou des contraintes microscopiques locales dues
à un rapide refroidissement. A l’opposé, des refroidissements plus lents tendent à homogénéiser
la microstructure des résistances.
L’évolution de R durant le recuit à 250°C montre une forte dépendance des pâtes (commerciales
ou modèles) sur la vitesse de refroidissement. Mais, dans chaque cas, l’évolution observée tend
à se stabiliser. Evidement, ces nouvelles pâtes ne s’avèrent pas être aussi stable que les pâtes
commerciales les plus prometteuses mais leur stabilité est comparable à d’autres moins
optimisées. A 250°C, le ruthénium dissout dans le verre pendant la cuisson peut influencer la
stabilité, d’autre part, cette haute température de recuit peut favoriser la relaxation de
contraintes mécaniques extrinsèques (dues à des différences de contraintes entre le substrat et
la résistance) ou intrinsèques (contraintes entre les particules conductrices et le verre).
Une partie de cette étude a été dédiée à résoudre des problèmes technologiques concernant la
non adéquation du substrat avec les pâtes à très basses températures de cuisson, engendrant des
fissures, cause d’instabilité électrique. Il s’avère donc que ce type de pâte doit encore être
optimisé par des additifs ou utilisé sur un substrat adapté.
Malgré cela, les séries obtenues offrent une large gamme de valeurs de TCR et R pour de
relativement basses températures de cuisson, ouvrant ainsi sur des applications technologiques
prometteuses. Une des meilleurs preuves du succès de cette étude est la réalisation de capteurs
prototypes basés sur différents substrats tels que l’acier, l’aluminium ou même le verre.
Ce travail a donc permis de réaliser une étude détaillée de pâtes piézorésistives et de compléter
de précédentes recherches dans le domaine, concernant l’influence des paramètres de cuisson et
du recuit. D’un point de vue scientifique, il a été démontré que nanostructure, mécanisme de
conduction et propriétés électriques sont intimement liés. Grâce à la sélection adéquate de
différents paramètres, nous avons proposé une nouvelle voie pour élucider le mécanisme de
conduction. D’un point de vue technologique, bien que ces nouvelles pâtes nécessitent d’être
optimisées pour augmenter leur GF ou adapter leur TCR, elles offrent un large éventail de
possibilités prometteuses, et le contrôle futur de leurs propriétés par l’ajout d’additifs prédit un
plus grand impact technologique.
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Introduct ion
a remote oil level measurement system
a scale
a tension sensor to secure the rigidity of cable on building sites
a wireless power sensor for bikers.
Do you know what the common originality of these usual products is?
Apart from the fact that they are common, robust and mass-produced, these consumer-products
are based on a same high-tech process: THICK-FILM TECHNOLOGY. 
Hybrid thick-film technology is employed for manufacturing electronics (essentially), ensuring
excellent stability, robustness, and a very long operating life [1]. The low-cost design integrates
batch production and automated assembly, ensuring an excellent performance-to-cost ratio.
They have found applications in various areas such as televisions and mobile phones [2].
A thick-film circuit is characterised by a superposition of special inks (or pastes), deposited and
fired onto an insulating substrate. One of the key factors which distinguishes a thick-film circuit
from a printed circuit board is the method of film deposition: the screen-printing [3,4]. This
method, closely inspired from traditional silk screen printing, allows a high-definition design of
the circuits. Moreover, the superposed multi-layers enable a high component packing density:
passive components (resistors,..) are deposited by screen-printing, whereas active devices
(transistors, diodes...) are usually soldered onto the thick-film conductor pads. 
Although diverse sensors are based on thick-film technology (gas, thermal sensors, or
mechanical sensors...), we will take an interest on all the applications where the strain gauge
principle is used. The knowledge of this principle allows not only to measure pressure but also
includes vibration, displacement, force and temperature measurement.
As we will see later, the main measuring principle depends on piezoresistivity which is
characterised by the response of electrical resistance to mechanical strain [5]. Over a given
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range of strains, it is linear, and the ratio between the relative variation of electrical resistance
and strain is called the gauge factor. Although all conductive materials exhibit a piezoresistive
gauge factor, this property is enhanced by the special conduction mechanism through the
complex nanostructure of the thick-film resistor material. Indeed, this kind of paste is composed
by conductive nanoparticles randomly dispersed through an insulating matrix. The electrical
transport and the piezoresistive response will be influenced by the distance between these
nanoconductive particles, their arrangement within the insulating matrix and the material
properties of both phases.
This complex behaviour has not been studied much although understanding it is essential for
progress in controlling the properties of sensors. The comprehension of the behaviour of thick-
film resistors is a key of success in a lot of practical applications.
The aim of this work is to understand the firing behaviour and the evolution of the current
piezoresistive pastes and to modify them to improve their properties. Indeed, the materials for
these commercial thick-film sensor applications have not especially been developed for strain
sensors and hence don't possess the optimal sensing properties.
Until now, commercial piezoresistive pastes were screen-printed on alumina (Al2O3) substrate
- an insulating stable material. But, although alumina is considered as a standard for thick-film
technology [6], this material is not optimal for piezoresistive sensing applications, as its elastic
modulus is high and its strength rather low. Additionally, alumina is brittle and therefore ill
suited to the mechanically harsh environments found in industrial applications. Zirconia and
zirconia thoughened alumina (ZTA) have the advantage of being sturdier than alumina, but with
the same abovementioned inconvenients of the ceramics (brittle, ...). Aluminium or aluminium
alloys offer better advantages in applications such as high power electronics or high-range load
cells, due to their excellent thermal dissipation, mechanical sturdiness, and easy packaging.
However, the high temperatures associated with processing of commercial thick-film resistors
(850°C) are not compatible with aluminium owing to its low melting point: an appropriate low-
temperature thick-film paste is therefore necessary. For piezoresistive sensors, steel and
titanium alloys are also good substrates, but their temperature / stability is also limited by
oxidation and degradation of mechanical properties.
We therefore endeavour to investigate novel low-temperature thick-film resistors and present
the results of the electrical properties of such a system compared to commercially available
ones. 
From the above considerations, the main desirable properties of these piezoresistive pastes are:
- good stability
- high gauge factor
- moderate resistivity
- small temperature dependence
- low process temperature, in the 500-650°C range.
In order to reach the abovementioned technical goals, it is necessary to understand the
mechanisms responsible for these properties. Therefore, this project presents two inter-
connected levels of approach :
- a scientific goal: to obtain a better understanding of the evolution of the properties. To this end,
the gauge factor and the resistance values will be particularly studied and a coherence between
the electrical transport (conduction process) and its relation to the complex nanostructure will
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be found. In other words, we would like to realise a model of the physical phenomenon that
corresponds to the tunnelling effect between the conductive particles and its response to
mechanical strain. This part, based on physical studies, will allow us to better understand the
evolution of electrical properties and consequently to enhance piezoresistive pastes.
On the other hand, these properties are also influenced by processing steps such as firing
conditions. By this way, we will take an interest particularly to the understanding of chemical
reactions by studying phase and structure transformations during the sintering and firing
process. 
- a technological goal: to improve and optimise the current piezoresistive pastes so that they can
be adapted to others applications (screen-printing on steel or aluminium alloy substrates). In
order to reach this aim, we should study this chemical phenomenon, which corresponds to the
reaction between the elements (exchange of atoms) during the elaboration process. The
influence of different parameters like the change of conductive grain size, or of the glass
composition will be studied. This chapter rests principally on chemical and material
knowledge. The resulting electrical properties will be examined and correlated to the
structural modifications.
Current commercial piezoresistive pastes will be considered as reference for our work, although
we will try to enhance and optimise them by structural and electrical studies. The obtained
results of such an analysis, based on a model of conduction mechanism, will allow us to direct
our studies to a new generation of low temperature piezoresistive pastes.
Introduction
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CHAPTER I:
Thick-f i lm resis tor  technology:  overview
The properties of thick-film resistive pastes cover a vast range of research. The production and
the control of properties of these complex systems, whose industrial manufacturing remains
confidential, necessitate the mastery of various fields, such as the knowledge of microstructure
analysis, electrical measurements, mechanical behaviour and physical modelling.
Thick film resistors consist of a percolating network of conducting oxide nanoparticles
dispersed in an insulating glassy matrix. The nature and the relative concentrations of the
metallic and the glassy phases as well as the fabrication procedures are key ingredients
governing the thick-film resistors electrical and piezoresistive properties. The tailoring of these
factors and the knowledge of their effects on thick-film resistors properties are therefore of
primary importance in the production of reliable thick-film sensor devices.
Thick-film resistors are characterised by their structural and electrical properties that are
dependant on firing conditions and composition. Moreover, their properties are governed by a
specific conduction mechanism. This complex conduction process can be presented as an
electrical conduction by percolation coexisting with electron tunnelling. Resistive properties are
dominated by quantum tunnelling across insulating layers separating adjacent conducting
grains.
Our aim is not only to study the structural and electrical behaviours but to define a conduction
model by using the obtained results. The combination of these observations will contribute to
the understanding of the behaviour of piezoresistive pastes and to plan other technological
applications (realisation of more sensitive sensors). 
Our work rests on the variation of different parameters: conductive phase concentration,
conductive grain size, glass composition and firing schedules. 
Thick-film resistor technology: overview
8 Sonia VIONNET-MENOT
I . 1 . Advantage and use - Example of sensors
Miniaturisation, reliability, performance and low-cost production are the main key words in the
electronic components research field. Although this technology can be followed back to the
1950s, it answers to the present industrial needs. The moderate required investment and the high
degree of automatisation of thick-film technology allow a high output [1].
This new kind of process was envisaged for the replacement for the printed circuit board
development and gave rise to hybrid technology.
Nowadays, the steps of realisation of a hybrid circuit have not changed [1, 2]:
- the deposition of conductive, resistive and dielectric pastes on a substrate by screen-printing,
- the firing of the different films,
- the addition of active and passive component by wire-bonding, gluing and /or soldering.
Thick-film hybrid circuits have found application in areas such as televisions, calculators,
telephones, automotive electronics... This technology is also widely used for the fabrication of
chemical and gas sensors and many commercial devices exist.
Different types of sensors are based on thick-film technology [3, 4]. The main categories are:
- thermal sensors: surface temperature sensors or heat flow sensors,
- sensors for mechanical quantities: piezoresistive, piezoelectric or capacitive sensors,
- sensors for chemical quantities: gas sensors or biosensors,
- sensors for radiation: photoconducting sensors or solar cells.
Of course, this list is not exhaustive, as the field of application is vast.
In this work, we will take an interest to mechanical sensors and particularly to piezoresistive
sensors. This kind of sensor is based on an elastic structure and a sensing material exhibiting a
change in bulk resistivity when it is subjected to deformation by an applied force. The two main
classes of piezoresistive sensors are force or acceleration sensors (based in our case on
cantilever beam-type) and pressure sensors (based on membrane-type structures). Two
examples of sensors corresponding to each mentioned class are shown in figure 1.
                                                             
Figure 1: A force sensor (left) - A pressure membrane (right) from our lab
1 cm
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I . 2 . Process
To realise a simple sensor based on thick-film technology, four basic elements are necessary:
- an appropriate set of pastes (or inks),
- an appropriate substrate,
- a screen-printing machine,
- two ovens.
• the paste:
There are three main kinds of pastes with specific properties: conductor, dielectric and resistive
[51]. 
- The first is used directly on the substrate for interconnections between the different
components. 
-  The second acts as an insulating material (for example if the substrate is conductive or could
react with the conductor) but can be used as hermetic sealing. 
-  The third paste plays a relevant role in sensor as it makes it operational. It converts the applied
strain on the sensor into an electrical signal.
• the substrate:
It is generally an inert element. But for strain sensors, it must be robust and flexible. Aluminium
oxide is the standard substrate used for thick-film technology, but is not ideal for piezoresistive
sensing due to its brittleness, moderate strength and high elastic modulus. To make up for this
disadvantage, metallic substrates (steel, aluminium) are proposed [5, 6]. They are not often used
as they are not compatible with the high firing temperatures of the pastes [6]. 
• the screen-printing machine:
One of the most distinguishing aspects of the thick-film process is the method used for
deposition of the films. Screen-printing, traditionally recognised as art, has had to be
modernised and transformed into a more precise tool for thick-film technology. But the
technique remains very similar to graphic art reproduction.
This method permits to deposit a paste with a precise layout.
For this, a screen is first stretched to the proper tension and attached to a frame. An UV-sensitive
emulsion is then applied to the screen, exposed through a positive or negative of the desired
pattern produced using the appropriate design rules, and then developed to remove the emulsion
in the pattern regions [7].
The screens used in thick-film technology are made with stainless steel wire, which deforms less
than alternative materials such as polyester or nylon, and therefore allows more precise printing.
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The pattern screen is then fixed to the printer, ink is placed on top of the screen, and a print cycle
is initiated, as shown in figure 2.
The ink is forced through the openings in the screen by a flexible rubber squeegee which
depresses the screen to contact the substrate as it traverses the pattern. Directly behind the
squeegee the screen peels away from the substrate and leaves behind a deposit of ink, having
the required pattern, on the substrate surface. 
After a time of relaxation in order to allow levelling of the paste surface, usual measured
thickness can range from 20 to 100 µm. In fact, the thickness depends on several parameters
such as the opening mesh area of the screen, the rate of the squeegee, the tension of the screen,
the viscosity of the paste...[8].
• the ovens:
They play two consecutive roles, as they allow:
- Drying: the evaporation of solvents used to adjust the required viscosity of the paste (this step
can be carried out in the same furnace as the firing step or more often in a drying oven).
- Firing: the densification and the reaction of the different components.
We will see later that the properties of the screen-printed paste are very dependent on the firing
cycle.
Figure 2: Screen-printing process
Thick-film resistor technology: overview
Sonia VIONNET-MENOT 11
Figure 3 depicts a typical firing profile for a piezoresistive paste.
The firing schedule is controlled in a belt furnace, in which different steps are programmed
under dried air:
- the heating step: 
The temperature slowly ramps up towards the peak firing temperature (typically 850°C). Below
150°C (drying process), the volatile organic phase is evaporated. Between 150 and 350°C, the
remaining organics (polymer binder) are removed. After the first drying step (150°C), the
screen-printed film can be manipulated for other printing or drying steps, for instance. Indeed,
the remaining binder gives the dried film moderate mechanical stability: this is a non negligible
advantage of this printing technique.
When the temperature reaches 400-700°C, the glass frit softens and promotes sintering and
reactions between the components of the ink and with the substrate. (Notice that some conductor
films such as Ag and Au-rich compositions can sinter in the 700-900°C range without a glass
frit.)
Figure 3: Typical firing schedule for a piezoresistive paste
Thick-film resistor technology: overview
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- the high temperature dwell: 
The temperature remains constant for about 10 minutes (typical). During this time, the active
material sinters and various reactions may take place.
- the cooling stage: 
The temperature decreases at 100°C/min. The solidification of the glass stops the reactions.
After this schedule, the material, with a typical final film thickness of about 10 microns, has
acquired the adequate electrical properties.
After firing, discrete components can be mounted, and the value of piezoresistive pastes can be
adjusted by laser-trimming [9].
I . 3 . Properties of piezoresistive pastes
The aim of this work is to study piezoresistive pastes. 
These inks should be qualified at different steps of the fabrication of a sensor. By this way, the
whole process may be adequately controlled: 
-   before screen-printing and firing: the unfired state of the paste will be called the "raw state".
- after firing: at this moment, the paste ideally does not undergo any more material
modifications.
Whereas the raw state is essentially qualified by physico-chemical properties, the fired one is
based on electrical properties.
I . 3 . 1 . Material properties (before screen-printing)
This phase is important as it fixes the properties after firing.
Different parameters should be controlled but all depend on the composition.
This basic and unavoidable part has been studied by different ways on commercial pastes.
Diverse, but complementary techniques of analysis are used to determine the large amount of
components disposed in a complex arrangement. The used analytical techniques remain more
or less the same: 
Scanning electron microscopy (SEM) observations are performed to detect phase morphology
and particle size [10-12]. For more details, Transmission electron microscopy (TEM) is used to
go further into the examination of the crystallinity, phase morphology and phase identification
[13, 14]. In addition, x-ray energy dispersive spectroscopy (XR-EDS) is required for elemental
composition determination, and X-ray diffraction (XRD) for crystalline phase identification
[10, 11, 13, 14]. 
From these different results, it has been established that current piezoresistive inks consist
basically of a mix of two powders: a fine-grained (20-100 nm) conductive phase (RuO2 or
ruthenate) and a lead borosilicate glass frit (1-3µm) [15]. A temporary organic vehicle (solvent
and binder) is added in order to allow screen-printing and to allow manipulation of the printed
substrate after the drying process if several layers are to be co-fired. Some other oxides are also
added as minor additives to modify the temperature coefficient of resistance (TCR) [16-20] or
the temperature coefficient of expansion (TCE) of the glass phase [21].
Thick-film resistor technology: overview
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The following figure (figure 4) represents a typical piezoresistive paste composition:
As shown in this pie-chart, inks are composed of four complementary parts:
- a glassy matrix (PbO-SiO2-B2O3),
- a conductive phase (RuO2 or ruthenate),
- an organic phase (solvent + polymer + dispersant + plasticizer): the vehicle,
- different additives.
Each part contributes to one specific parameter.
• The glass
A micrometer grain size glass frit is used.
The composition of this glassy matrix defines the firing temperature range of the paste. In thick-
film resistors, densification occurs by liquid-phase sintering. The glass of the piezoresistive
paste melts and surrounds the conductive nano-grains. 
In order to optimise reliability, the temperature coefficient of expansion (TCE) of the glass
should be close to that of the substrate, preferentially slightly lower in order to impart a
moderate compressive strain.
These above conditions are met by the series of lead-borosilicate glasses (PbO-SiO2-B2O3).
Lead oxide (PbO) decreases the fusion temperature of the glass and lowers the dependence of
viscosity on temperature, quartz (SiO2) and boron oxide (B2O3) are considered as common
network formers. Moreover, B2O3 is used to decrease the softening temperature of the glass that
is increased by the presence of SiO2. The variations between the concentration of these three
components allow to adjust the film TCE to that of the used substrate. A high PbO concentration
favours the stabilisation of ruthenate based phases instead of the oxide form of ruthenium [22,
23]. Depending on whether RuO2 or ruthenates (Pb2Ru2O6) are produced, the value of
resistivity is not the same... [24, 25].  
Figure 4: General composition of piezoresistive pastes
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• The conductive phase
It is the other main element of a piezoresistive paste and it determines the electrical properties
of the inks by its morphology and concentration. The grain-size, the specific surface area and
the morphology of the powders represent some important parameters.
The used conductive powders are generally nanometer size, spherical and well-crystallised
metallic oxide powders. In our case, the composition is based on ruthenium oxides (RuO2 or
Pb2Ru2O6) because of their stability. Note that the stoechiometric composition of the lead
ruthenate is not trivial as a deficiency in oxygen has been observed leading to a Pb2Ru2O6+y
composition. The studies of Goodenough and Muller on properties of oxygen deficient
pyrochlores have shown that y corresponds in general to 0 [26,27].
The concentration of RuO2 and the grain size will determine, among other properties, the
resistivity value [28-30].
• The organic phase (the vehicle)
It guarantees the rheological properties for optimum screen-printing, suitable homogenisation,
and its two-step removal allows handling after the drying process due to the cohesion imparted
by the binder.
Few details are given in the literature concerning the organic binder composition, although the
quality of the resulting film depends on its nature and properties. However, Prudenziati et al.
give some details about the common organic vehicles by taking an interest in the rheological
properties [31]. In addition, Baudry et al. present some measurement principles and results with
some inks [32].
The vehicle is mainly composed of a volatile phase (solvent: terpineol) and a non-volatile phase
(polymer: ethyl-cellulose) [31] - additionally, small quantities of dispersants and plasticizers
improve the homogeneity and the printability of the paste. The combination of these elements
will allow to master the viscosity of the paste.
Indeed, optimum screen-printing requires a pseudoplastic or thyxotropic behaviour of the paste
[32]. This function is complex, and there are conflicting requirements for the ink viscosity when
it is subjected to the various printing stages: without mechanical stress, the viscosity of the paste
should be high in order to avoid flowing on the screen. But when the ink is being forced through
the screen by the squeegee (application of a shear stress), a low viscosity is needed. After
printing, the film must retain its printed geometry and not run, and therefore recover a high
viscosity. Contrary to Newtonian fluids, the viscosity of thick-film pastes is modified by an
applied pressure.
Figure 5 shows the variation of the viscosity of a thick-film paste at different stages during the
printing cycle [7].
Thick-film resistor technology: overview
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After the screen-printing process, the organic vehicle is removed during the firing cycle. The
volatile part is evaporated below 150°C, whereas the non-volatile phase (polymer), which
assures cohesion of the film when the solvent (terpineol) is evaporated, is burnt out between 300
and 400°C.
• The additives
They are used to modify some properties. They are generally added to the glass as oxide
powders. Different series of additives are used [33] for various purposes:
- modification of TCR: whereas TiO2, CdO, MnO2 are negative TCR drivers, copper oxides  or
precious metals shift the TCR in the positive direction.
- modification of resistance value: an increase of the conductive phase concentration contributes
to a decrease of resistivity and an increase of TCR. In most cases, negative / positive TCR
drivers increase / decrease resistivity. 
- modification of piezoresistive properties: the gauge factor increases by decrease of conductive
phase fraction [35-36], and small surface area of conductive phase leads to resistors of
relatively high GF [34, 35]. 
Figure 5: Variation of viscosity of a paste during the screen-printing cycle
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I . 3 . 2 . Electrical properties (after firing process), structural evolution 
and conduction mechanism
After the firing process, the material structure, which defines the electrical properties, is
stabilised, and the electrical properties thus defined. These properties depend on the firing
conditions. For instance, it has been shown that high firing temperatures and times favour
kinetics of reaction between conductive and insulating grains [37]. This can lead to a
modification of the phases, such as dissolution of the conductive phase in the glass, that causes
a variation of the resistance. 
It is evident that structural evolution and electrical properties are intimately linked. 
I . 3 . 2 . 1 . Electrical properties
The electrical properties characterising a piezoresistive paste are:
- the resistance value (R)
- the gauge factor value (GF)
- the temperature coefficient of resistance value (TCR)
• Resistance value
This value (R) can be expressed with the Ohm's law:
     (ohms)
ρ: resistivity (ohm/m)
l: length of the resistor (m)
h: thickness (m)
b: width (m)
In thick-film technology, the sheet resistance (Rs) is more commonly used, and corresponds to
the resistance of a square (length = width). Hence, the sheet-resistance of any thick film can
expressed as following:
 , where 
Ns: number of squares along the path of the current flow
A large range of values can be obtained as it depends on the concentration of the conductive
phase. But, the usual values are comprised between 0.1 and 100 kΩ/square. 
• Gauge factor value - Piezoresistive factor
The change of resistance of a resistor under an applied stress is partly due to deformation, i.e.
the changes in the dimensions of the resistor, and partly due to alterations in the specific
resistivity as a result of microstructural changes [38]. The gauge factor (GF) of a resistor is
defined as the ratio of the relative change in resistance (∆R/R) and the strain (ε = ∆l/l):
                       (1)
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We are interested in separating the true piezoresistive effect from effects due to geometric
change and boundary conditions. This expression can therefore be decomposed into a
piezoresistive and a geometric term.
Taking the R value of a parallelepipedic resistor (figure 6) of an isotropic material, we should
consider two cases: the longitudinal case (L), where the current flows along l (the current is
parallel to the applied strain), and the transverse case (T), where the current flows along b (the
current is perpendicular to the strain).
Case L:
  ,   taking into account that    (with x and y: variable)
then    
In fact,   reflects the piezoresistive response, whereas  corresponds to the
geometric variation.
The same reasoning is realised for the case T:
  , then   
In fact,   reflects the piezoresistive response, whereas  corresponds to the
geometric variation.
The geometric contribution is relatively low, as for longitudinal and transverse strain (if we
define a coordinate system specific to the geometry of the beam):
 ;   ;   ,                            (2)
with ν: Poisson’s coefficient of the resistor ~ 0.3
Figure 6: Representation of the parameters for a parallelipipedic resistor
(we define l as the direction of the applied strain)
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We obtain then from Eq.1, 2, the corresponding longitudinal and transverse gauge factor (GFL
and GFT):
   and  
with the first term corresponding to the piezoresistive contribution and the second one reflecting
the geometric contribution.
Then, the longitudinal and transverse piezoresistive factors (respectively ΓL and ΓT) can be
expressed as:
  and  .
From this, the isotropic (or hydrostatic) piezoresistive factor Γ defined as the resistivity change
is induced by an isotropic strain field, is:
,
which is a useful relation when the experimental set up does not permit to apply an isotropic
strain field. Moreover, this piezoresistive factor Γ will be used for the interpretation of
conduction models (in chapter IV).
The GF values of thick-film resistors lie mostly between 3 and 35 [39-41]. The observed high
GF values are due to microstructural changes that alter the specific conductivity. For a
10kOhms/square resistance, a gauge factor value = 12 is usual.
This value is however strongly dependent on materials and microstructural parameters, such as
the nature and grain size of the conductive phase, the interactions with the substrate, the firing
temperature...
• Temperature coefficient of resistance value (TCR)
   (ppm/°C)
R25: resistance of the material at 25°C (ohms)
RT: resistance of the material at T temperature (ohms)
T: temperature of the measurement of RT
The temperature dependence of R may be significantly nonlinear, which is characterised in
practice, by two TCRs: the hot TCR (HTCR) where T can vary from 80 to 125°C and the cold
TCR (CTCR) where T varies from 0 to -40°C: these temperatures are not standard and depend
on the application of the thick-film resistor.
Unless it is intended for temperature measurements, a good thick-film resistor should have both
hot and cold TCR absolute values of less than 100 ppm/°C, but it can go from 50 to 200ppm/°C
[42] for our applications.
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I . 3 . 2 . 2 . Structural evolution
• Correlation between electrical properties and structure
Several studies have been investigated concerning the influence of some selected parameters on
the electrical properties.
Hrovat et al. show that the gauge factor depends on the conductive grain size. The value is low
for homogeneous material with many small grains and short distances between them [14].
Likewise, Prudenziati et al. concluded that a very high gauge factor can be obtained by using
large-sized RuO2 grains [28, 34].
Moreover, the gauge factor increases with increasing resistivity [39, 42]. In other words, if the
mixing ratio of RuO2 to glass is kept constant, the larger the RuO2 particle-sizes, the higher the
resistances [43]. It comes from the fact that the specific surface area is decreasing and that the
conduction channels are reduced.
However, the parameter having the greatest influence on the specific resistivity of the resistor
is the ratio between conductive and glass phases. 
On the opposite, Canali et al. find no evidence of correlation between gauge factors and grain
size of the conductive phase [35], as similar GF is reported in resistors with very different grain
sizes. Moreover, very different GF values are obtained with comparable grain sizes. In the same
article, it is explained that there is no specific relation between gauge factors and temperature
coefficient of resistance (TCR), as resistors with different GF values have similar TCR’s. Strain
sensitivity is dominated by the nature of the conductive phase and not affected by the glass
composition and additives present in the glassy matrix, while, on the contrary, these latter
features (glass composition and additives) strongly affect the temperature dependence of thick-
film resistance.
• Material aspect
Upon firing, the organic material is first burnt out, followed by densification of the material to
give a nanoscale composite consisting of chains of conductive islands in an insulating matrix.
Apart from the knowledge of composition, it is essential to understand the possible reactions
between the particles that occur during the firing process. Some authors have detected the
apparition of new phases. The constituents of the materials react with each other (conductive
oxides, glass phase and additives). Dissolution / reprecipitation of the conductive phase have
been observed [22,24,44-46]. Also, the conductive phase may exchange lead oxide with the
glass matrix, leading to decomposition of ruthenate into RuO2 or the reverse reaction depending
on the glass composition and firing temperature [22,24,44]. Reaction of the glass with the
alumina substrate has also been observed [23,47-49]. 
The usual firing and cooling times (each ca.10 min) are presumably not sufficient for the
material to reach equilibrium [21], as increasing firing time, and temperature [22] or refiring
several times lead to significant changes in structure, chemistry and electrical properties [50-
52].  
The increase of the firing time leads to the components of the inks to reach equilibrium. Hrovat
measured a decrease of sheet resistance, whereas absolute TCR values of resistors tend to
increase significantly [15, 21]. For a given paste composition (glass and conductive phase), the
increase of the firing temperature gives quite different properties due to changes in
microstructure and composition promoted in resistors by thermal treatment, including chemical
exchange (PbO) between the glass and the conductive phase. For instance, sheet-resistance and
gauge factor depends on the firing temperature [53]. It is interesting to note that piezoresistance
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appears to be one of the properties most sensitive to the evolution of microstructure and
composition of thick-film resistors.
Whereas some observations are contradictory (grain size influence on the gauge factor value),
some other are convergent. It would be interesting to study this aspect.
I . 3 . 2 . 3 . The conduction mechanism
In addition to the technological aspects, thick-film piezoresistors have very interesting
properties concerning the interplay between percolation processes, tunnelling, and
microstructure, rarely encountered in other disordered conductor-insulator composites. For
example, close to the percolation threshold, transport properties of thick-film resistors cannot
be easily understood within standard percolation theory [54-60]. Even more striking is the
divergence of the piezoresistive response at the percolation threshold reported some years ago
[36-61]: The conductivity is shown to vanish near a critical concentration of conductive phase,
where piezoresistive properties diverge [36]. The behaviour of the resistors in this region is
interesting.
Tunnelling processes are at the origin of the high sensitivity of the thick film resistors to applied
strains. The conduction is dependent on the glass layer between conductive particles. In the case
of piezoresistive pastes whose resistance changes with an applied strain, the strain creates a
distortion inside the material, which moves the particles away from or closer to each other. This
perturbation can modify the electrical response that is dependent on the concentration of the
conductive grains.
The interpretation of the measured results led us to propose a conduction mechanism based on
the tunnelling-percolation model proposed by Balberg. This model of transport non-universality
is based on an inverted random-void model in which current flows through tunnelling process
between conducting spheres immersed in an insulating medium [62, 63]. This model can be
applied to composites where intergrain tunnelling is the main microscopic mechanism of
transport.
According to the classical theory of transport in percolating systems, the resistance R of a metal-
insulator composite with metallic volume concentration x follows a power-law behaviour of the
form [55]: 
R0 : prefactor
xc: percolation critical concentration (threshold)
t: transport critical exponent
Random resistor network theories predict that R0 and xc depend on the microscopic details of
the composite, such as the arrangement of the conducting phase within the sample and the
elemental resistances connecting two neighbouring sites. The transport exponent t is assumed
to be universal and to be constant for a fixed dimensionality. But deviations from universality
have been reported with RuO2, among other systems. Contrary to a vast class of material which
display the same constant t value, the transport is supposed to be affected by microscopic
properties. The aim is to investigate further the universality breakdown of thick film resistors
and its microscopic origin.
R R0 x xc–( ) t–⋅≅
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I . 4 . Programme of this thesis
In this thesis, the initial study of some commercial pastes is considered as reference. A second
part is devoted to the synthesis and study of new model piezoresistive pastes to understand and
enhance the structural and electrical properties, and to answer technological needs.
In this previous chapter, an overview of usual piezoresistive pastes is presented: process,
required properties and applications. We highlight that, whereas some aspects are well studied
(composition..), some others stay less examined (conduction mechanisms...). 
The general aim of this thesis is, on one hand, to develop and to optimise piezoresistive pastes
by studying their electrical and structural properties depending on process parameters and
conduction mechanism. On the other hand we pay attention to the conduction process, that is to
say, to physical phenomena that govern piezoresistive properties. The understanding of
conduction mechanism will be helpful for the optimisation of piezoresistive pastes.
We will try to find a coherence between the structure evolution, the electrical response, the
variation of parameters and the conduction mechanism.
Chapter 2 is devoted to the study of commercial pastes. The obtained results of structural
analysis, composition, electrical properties are considered as a reference for our further work.
Moreover, the stability of these inks is tested by changing the firing process. These aspects,
which have been little studied previously, allow us to emphasise the interactions between the
different components. 
According to these observations, we propose to study, on one hand, the influence of the firing
schedule (temperature and time) on the properties and stability of several thick-film resistors
compositions. On the other hand, we will emphasise the role of the cooling rate (quenching or
not) on the same properties. Until now, all the structural analysis and studies of electrical
properties presented in the literature have been realised after the firing cycle [10, 13, 14]. By
quenching, the elements don't have time to reach equilibrium during cooling. By this way, we
expect to "freeze" the microstructure at the end of the high-temperature dwell. The observations
will help us to understand the mechanisms occurring during this high-temperature dwell. After
that, a prolonged annealing may highlight a structural evolution towards an equilibrium state.
At the end of this chapter, it will appear that the studied current commercial pastes could be
optimised. For instance, their stability as a function of the firing process could be enhanced.
Moreover, these kind of pastes cannot be used with temperature sensitive substrates because of
their high firing temperature.
Based on these results, chapter 3 is focused on the development of new piezoresistive pastes. 
After having understood the role of each process and composition parameter (firing steps, phase
composition of the paste), three series of pastes are realised following different parameters
(glass composition, concentration and grain size of the conductive phase). A detailed
manufacturing process is established - aspect that has never been fully described in the
literature. Judicious parameters are chosen following two inter-correlated original approaches: 
-  a technological goal: to enhance the properties and to adapt the paste on other applications
(steel substrates instead of alumina substrates),
- a theoretical aim: to understand the conduction mechanism by analysing the complex
nanostructure and the electrical results and to validate a model by a new approach. The
conduction mechanism will allow us to understand and optimise electrical properties in
piezoresistive pastes.
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In order to study the physico-chemical evolution and to propose technological solutions (more
flexible substrate to enhance the piezoresistive response), we choose uncommon but judicious
glass compositions: the choice is representative of a range of temperature based on the phase
diagram of lead-borosilicate glass [64-66]. In spite of the low melting temperature, we expect
to highlight phase transitions. Indeed, from Adachi's studies, the stable conductive phase (RuO2
or lead ruthenate) depends on the glass composition [22], and overfiring studies will be carried
out to experimentally verify the stability of the phases.
Different works have been realised on standard glass compositions but less with those for low
temperatures. Of course, low firing temperatures don't promote the kinetics of chemical
reactions. It will therefore allow us to study separately the physical phenomenon of conduction
from the chemical reactions. And from the point of view of technology, low firing temperatures
allow use of other more flexible substrates (aluminium or steel) that don’t tolerate high firing
temperatures (850°C).
Chapter 4 - the key chapter - presents the results and their interpretation by a model of
conduction based on a yet unpublished hypothesis.  In order to be coherent with the study of
commercial pastes in chapter 2 and to propose some interpretations of non-explained results, the
stability is evaluated with nearly the same experiments (variation of the firing conditions). 
We present our research on RuO2-based thick-film resistors prepared with several volume
fraction values x of RuO2 with two different mean grain sizes, for both low- and high-
temperature glasses. We have studied the effects of the percolation transition to the insulating
state on the resistivity and the piezoresistivity response.
We present our contribution to the understanding of the origin of transport nonuniversality by
attacking the problem from a different point of view. In contrast with the mean-field hypothesis
[67], the random-void model [68, 69], and its extension [70], the tunnelling-percolation model
of Balberg predicts that the critical exponent t, which governs universal or non-universal
behaviour, acquires an explicit dependence upon a microscopic variable (the mean-tunnelling
distance a), which could be altered by a suitable external perturbation. So, if transport
nonuniversality is driven by tunnelling, it would be possible to change the value of the transport
critical exponent t by applying a pressure or a strain to the composite. The possibility of
influencing t by external means (e. g. strain) has never been studied previously. Thus, we
propose a new way to investigate percolative systems thanks to the study of various series of
RuO2-based thick-film resistors which display universal [71] and non-universal transport
[36,61,62,67-72] behaviours.
At the end of this chapter, the best new piezoresistive pastes are selected for the development
of a complete system in a sensor. The application of this new generation of pastes is described
in chapter 5. 
Chapter 6 can be considered as an outlook as different optimisations are proposed to resolve
some persisting problems; troubles that remain unavoidable in the case of the development of
new generation of products. Although a new generation of low firing temperature pastes have
been proposed and successfully tested in this work, their behaviour could be optimised. For
instance, their TCR can be controlled by the addition of metal oxides. Moreover, in order to use
environmentally friendly materials, it would be interesting to use a lead-free glass what implies
important modifications of the present system. Concerning the conduction mechanism, our
hypothesis based on the dependence of the critical exponent t on microscopic properties in non-
universal systems has been validated, but the studies of such conduction mechanisms could be
investigated further by the evaluation of «extreme systems», where the glassy matrix would be
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replaced by a polymer - we would obtained a soft system (polymer) in which hard small
particles would be dispersed. 
To summarise, this work is relevant and innovating as it combines physical, chemical and
material phenomena and it is based on a new generation of low temperature inks, using standard
inks as reference. In order to validate our work, a complete system will be presented for
application of sensors on metal substrates.
Thick-film resistor technology: overview
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CHAPTER II:
Study of  commercial  piezoresist ive  pastes
Before optimising and realising new piezoresistive pastes, it is unavoidable to study current
commercial inks. In this chapter, we aim to understand firstly the composition / structure of
current pastes.
After having selected three representative thick-film resistor compositions used in force and
pressure sensors, we’ll take an interest to their electrical properties. By this way, the dependence
of the materials' microstructure and properties (sheet resistance and its temperature coefficient,
gage factor) is studied as a function of firing temperature and time, and cooling rate (furnace or
quench). 
Then, the stability of the properties is assessed by annealing at intermediate temperatures (100
and 250 °C). 
Microscopic and structural analysis are carried out to highlight some possible evolution
mechanisms of the resistor materials. The obtained results should be considered as references
and will contribute to the fabrication of new optimised piezoresistive pastes.
II . 1 . Composition and microstructure analysis 
One of the most common pastes is a Du Pont paste (DP 2041), a standard composition widely
used in piezoresistive sensors. This paste, considered as stable, is characterised by a nominal
sheet resistance value of 10 kΩ / square.
But its composition remains unclear and complex because of the multitude of components
added to realise this paste. A first step is to understand the composition and the structure of this
kind of system.
Before beginning analysis, it’s necessary to itemise the known parameters. Indeed, we know
that the mineral content of piezoresistive pastes is composed of 2 kinds of grains with different
sizes: 
-  glass grains, an usually micrometer lead borosilicate glass
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- smaller (nanometer) conductive particles: ruthenium dioxide (RuO2), lead ruthenates
(Pb2Ru2O6) or bismuth ruthenates (Bi2Ru2O7).
In addition, several additives (oxides) are in most cases adjoined to the glass to control the
electrical properties. 
The organic vehicle is used to allow the mixture to be screen-printed with an appropriate
rheology. This vehicle consists mainly of  two phases:
- a volatile solvent
- a non-volatile binder (polymer).
The solvent first evaporates below 150°C in the drying step. Then, during the firing process, the
resin is burned out between 300-400°C. Above 600°C, the glass melts and reactions occur
between the glassy matrix and the conductive phase.
From these previous observations, it would be judicious to study the composition and the
structure of the pastes before and after firing. 
II . 1 . 1 . Analytical processes
The following diagram sums up the different kinds of the used techniques (figure 1)
Definitions of the different techniques of analysis:
• XRF: X-Ray Fluorescence spectroscopy
This non-destructive method allows a global identification of the elements. As no preparation
of the sample is necessary, this technique is easy to apply.
Principle of detection: 
An X-ray beam (X photons) is projected on the sample. Its elements absorb the energy and
release it in the form of fluorescence: an electron of the atom absorbs the energy of the incident
photon, which provokes an excitation of the electron that after a relaxation time comes back to
its stable level by the emission of a X-photon. The emission of the radiations depends on the
Figure 1: Analysis methods used to study commercial piezoresistive paste composition
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transitions of the electrons between the different electronic layers of the atoms, which are
characteristic of each element.
A detector traduces these different emissions by qualitative and semi-quantitative peaks
corresponding to each element. (this method doesn’t allow to quantify precisely an element but
permits to determine whether a component is in high concentration or in trace amounts).
• IR: Infra-Red spectroscopy
Infrared spectroscopy is one type of vibration spectroscopy, which, as you might have guessed,
is a spectroscopic technique where molecular vibrations are analysed. The most useful I.R.
region lies at wavenumbers between 4000 - 670cm-1.
Principle of detection:
An object, which resonates at a certain frequency can absorb excitation having the same
frequency. This principle is associated to this method by considering each molecule as a simple
harmonic oscillator system. When the emission light is absorbed, the little oscillators in the
molecule will continue to vibrate at the same frequency, but since they have absorbed the energy
of the light, they will have a larger amplitude of vibration. 
The remaining light which is not absorbed by any of the oscillators in the molecule is
transmitted through the sample to a detector, and a computer will analyse the transmitted light
and determine what frequencies were absorbed.
IR spectroscopy is a simple analytical technique. The material to be analysed should only put in
some form that can be insert into the infrared spectrometer. This is usually accomplished by
casting a film on a sodium chloride (rock salt) plate, or by mixing the material with potassium
bromide, KBr, and making a pellet out of it. These salts are used because they are invisible to
IR light.
• GPC: Gaseous Phase Chromatography 
Gaseous Phase Chromatography is used to separate and analyse the volatile components of a
mixture.
Chromatographic separation involves the use of a stationary phase and a mobile phase.
Components of a mixture carried in the mobile phase are differentially attracted to the stationary
phase and thus move through the stationary phase at different rates.
A small amount of the sample to be analysed is vaporised through an injector into the head of
the chromatographic column. A carrier gas, such as helium, flows through the injector and
pushes the gaseous components of the sample through the Gas Chromatographic (GC) column.
It is within the column (coated or filled with the stationary phase) that separation of the
components takes place. Molecules alternate between the carrier gas (the mobile phase) and the
high boiling liquid or solid phase (the stationary phase) within the GC column.
After components of the mixture move through the GC column, they reach a detector. Ideally,
components of the mixture will reach the detector at varying times due to differences in the
partitioning between the mobile and stationary phases. The detector sends a signal to the chart
recorder which results in a peak on the chart paper. The area of the peak is proportional to the
number of molecules generating the signal.
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• XRD: X-Ray Diffraction
The principle of X-ray diffraction is used to detect crystalline phases.
X Radiations have the property to penetrate a material and to be diffracted in preferential
directions by the atoms situated in a reticular plane (according to the Bragg’s law): the degree
of diffraction depends on the energy of the incidental radiation and the atomic distribution
(more or less crystalline structure). The spectrum of diffraction constitutes the signature
structural feature of the analysed crystalline substances. Measurements are taken with an
apparatus consisted of a X-ray generating tube and a detector arranged on a goniometer. The
technique is mainly used for substances of crystalline structure, especially mineral ones. The
diffraction spectra can be obtained directly starting from a solid fragment, or small quantities of
powder (powder spectrum).
X-rays, like all electromagnetic waves, cause a displacement of the electronic cloud compared
to the core in the atoms; these induced oscillation cause a re-emission of electromagnetic waves
of the same frequency; this phenomenon is called Rayleigh diffusion. The wavelength of X-rays
is of about equal to the size of the interatomic distances (a few angströms). According to the
arrangement of atoms, some directions of space will be favoured and the flow of photons X will
more intense: these variations according to directions form the phenomenon of X-rays
diffraction.
No specific preparation of the sample is necessary: the sample can be a powder, or a
polycrystalline solid. 
• TG: Thermogravimetry
This technique involves monitoring the weight variation of the sample in a chosen atmosphere
(usually nitrogen or air) as a function of temperature. The loss or the gain of mass is measured
by a scale. The usefulness of TG for analysing complex systems is greatly enhanced by the
introduction of the ability to record simultaneously the first derivative of the variation of weight.
This is sometimes referred to as derivative thermogravimetric analysis (DTA).
In order to perform this technique, TG is often coupled with Differential Scanning Calorimetry
(DSC). This method allows to measure the exchange of heat flux (measurement of enthalpy).
Phase transformations (solidification, fusion..) are detected by exo- or endothermic peaks or by
changes of slope (for second-order phase transitions, such as the glass transition).
• SEM: Scanning Electron Microscopy
This method allows to observe surfaces with a resolution down to 10nm. It is usually coupled
with a system of Energy Dispersive Spectroscopy EDS for qualification and quantification.
Electronic microscopy rests on the same principle as optical microscopy, with the difference
that the incidental ray consists on an electron beam, scanning the surface of a sample, instead
of a visible ray of light. SEM allows to obtain a highly magnified image (X 100 000 or more)
of the sample, revealing details (like "the depth effect") impossible to detect differently and of
minute size. 
This technique of analysis is employed for the study of metals, minerals, and other materials. 
One drawback is the charging of insulating surface by the incident electrons. In this case, one
must reduce the beam intensity and / or deposit a conductive thin film (carbon or gold) on the
sample.
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In order to perform this kind of analysis, elements can be detected with an EDS system installed
on the SEM. The electron beam sent on the sample generates x-rays of fluorescence that are
collected and detected.
• TEM: Transmission Electron Microscopy
TEM is a more powerful microscope than SEM. This technique allows the determination of:
- the morphology of a sample: the size, shape and arrangement of the particles which make up
the specimen as well as their relationship to each other on the scale of atomic diameters.
- crystallographic information: the arrangement of atoms in the specimen and their degree of
order, detection of atomic-scale defects in areas a few nanometers in diameter.
- the composition (if so equipped): the elements and compounds whose the sample is composed
of and their relative ratios, in areas a few nanometers in diameter.
The transmission microscope is close in its principle to the optical microscope. The electronic
beam (produced, for instance, by heating a tungsten filament) crosses the sample and loses in
the passing a certain number of electrons.
A TEM works much like a slide projector. A projector shines a beam of light through (transmits)
the slide, as the light passes through it is affected by the structures and objects on the slide.
These effects result in only certain parts of the light beam being transmitted through certain
parts of the slide. This transmitted beam is then projected onto the viewing screen, forming an
enlarged image of the slide (up to 1 000 000 X!).
• AFM: Atomic Force Microscopy
The AFM utilises a sharp probe moving over the surface of a sample in a raster scan (resolution:
a few angströms). In the case of the AFM, the probe is a tip on the end of a cantilever which
bends in response to the force between the tip and the sample. It corresponds to the interaction
forces between atoms of the sample and the tip.
The changes in the bending of the cantilever are measured, usually by monitoring the reflection
of a laser beam on the cantilever surface. 
The movement of the tip or sample is performed by an extremely precise positioning device
made from piezo-electric ceramics, most often in the form of a tube scanner. The scanner is
capable of sub-angström resolution in x-, y- and z-directions. 
It produces a topographical map of the scanned region with a 0.2 nm resolution.
After describing these techniques, we present the most significant results in the following
sections.
II . 1 . 2 . Element detection
XRF (Kevex Omicron X-ray fluorescence micro-spectrometer) is realised on dried paste. As we
can observe on the spectrum below (figure 2), different elements (L-ray) are detected:
- major elements: lead, ruthenium.
- minor elements: zinc, niobium, zirconium.
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Notice that silicon and barium are not detected as they are only perceptible for energy > 25keV.
In the opposite, boron is not detected as its energy is too low.
From this first analysis, we can conclude that as no bismuth was detected, the conductive phase
can only be composed of ruthenium dioxide or lead ruthenate: bismuth ruthenate can be
eliminated.
Minor elements are attributed to additives under oxide form.
Knowing the element composition, we can carry out the molecular analysis.
II . 1 . 3 . Molecular analysis
• Conductive phase
XRD enable to detect crystalline phases: conductive phases and additives. Of course, the glassy
matrix is not detected as it is amorphous.
The following XRD spectrum (figure 3), realised with a Kristalloflex 805 Siemens apparatus,
corresponds to a dried paste screen-printed on an alumina substrate. This method allows us to
determine the initial phases before the firing.
Figure 2: XRF detection: element detection for the DP2041 paste
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Different crystalline phases are detected:
-  RuO2 and Pb2Ru2O6: corresponding to the conductive grains
- Al2O3: belonging to the substrate (the thickness of the paste is not sufficient to absorb the
beam). If the used alumina substrate is replaced by an other material (such as glass), these
alumina peaks disappear.
-  ZrSiO4: crystalline additive (or by-product of the milling process).
From these results, we can assert that the DP 2041 paste is composed of a mixture of two kinds
of conductive phases: RuO2 and Pb2Ru2O6.
• Organic phase
The molecular composition the organic phase can be determined. 
The composition of the volatile part is obtained by GPC coupled with mass spectroscopy
(Hewlett-Packard HP 5890/5971 GCMS apparatus) system analysis (figure 4).
Figure 3: XRD spectrum of DP2041 (dry): determination of cristalline phases
Al2O3
ZrSiO4
Pb2Ru2O6
RuO2
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The spectrum reveals the presence of two major elements: terpineol and dibutyl carbitol.
They are used to adjust the viscosity by dissolving the resin.
Concerning the analysis of the resin (non volatile binder), IR analysis (figure 5) indicates that
our hypothesis on the presence of cellulose can be validated... but notice that this following
result is only indicative and can not be considered as a rigorous scientific result: this was only
a test to validate our hypothesis founded on literature [1, 2].
To confirm our hypothesis, we compare the IR spectrum (Nicolet 510 FT-IR spectrometer) of
a «real» paste (DP 2041) with a «simulated» system. To realise this system we associate the
main components detectable by IR spectroscopy: glass + volatile phase (terpineol + dibutyl
carbitol) + ethyl cellulose (with arbitrary proportions). 
Notice that we take an interest to peaks at low wavenumbers (> 2000 cm-1), as they better
represent the characteristic molecular «fingerprint» of each component.
Figure 4: GPC detection: identification of the volatile phase
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The simulation spectrum looks like to the one of the commercial paste (called «real paste»):
- around 1400 cm-1, we observe 2 peaks corresponding to the vibration of deformation
(scissoring) of H atoms in CH2 groups of terpineol.
- between 1200 and 1000 cm-1, we detect M-O and C-O oscillations corresponding to terpineol
but ethyl cellulose too.
-  below 1000 cm-1, oscillations of the glass appear.
Some persistent dissimilitudes between the two spectra could be attributed to the presence of
other additives in the commercial paste, to the different composition of the used glass and to a
difference of proportions between the components (for instance, the concentration of cellulose
could be increased).
From this last analysis, it is reasonable to suppose that the organic phase is composed of
terpineol (+dibutyl carbitol) and ethyl cellulose. Note that this proposition will be validated by
latter rheological studies (see chapter III).
II . 1 . 4 . Structural observations
Structural observations (surface and bulk) contributes to the detection of the different phases
and the observation of their behaviour and interactions during firing.
We intend to observe the paste before, during and after the firing process. But, all these
observations don’t tolerate the presence of organics, as their evaporating vapours can damage
the devices. This is why, in a first step, it is useful to observe the behaviour of organics in order
to determine the drying conditions of the samples before analysis. 
Figure 5: IR spectra: identification of the organic phase (test: no scientific value!) 
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The TG/DTA (Mettler DSC25 apparatus) diagram (figure 6) shows that practically all organics
are evaporated below 300°C. No loss of mass is detected after 300°C.
First, terpineol evaporates up to ca. 160°C. Dibutyl carbitol then decomposes in two steps,
ending at ca. 300°C. Note that the proportion of the resin (binder) is so small that its
corresponding loss of mass is not detected.
The following experiments are realised on DP 2041 paste dried at 300°C and fired at 850°C.
Firing constitutes a key step in the process of thick-film resistors. The change of morphology is
associated to the occurring reactions between the components. The obtained result corresponds
to a stabilisation of the electrical properties.
The behaviour (change of morphology) is well represented by SEM micrographies (Philips
XL30-FEG) for different temperatures during firing (figure 7).
Figure 6: TG (full line) /DTA (dotted line) diagram: volatile phase quantification
DTA curve
TG curve
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SEM micrographies show an inhomogeneous medium. Before the firing process (300°C), the
paste is composed by two kinds of grain with different sizes:
- glass particles (0.25-1 µm)
- agglomerated conductive grains (~50 nm).
By increasing temperature, the glass begins to melt (near 600°C) and gradually surrounds RuO2
particles. At the end of firing (850°C), the final product is a sintered film consisting in a
homogeneous glassy matrix in which conductive grains are dispersed and de-agglomerated. 
Notice that the nature of each above-mentioned particle was determined by EDS analysis
(figure 8).
Figure 7: SEM observation of the evolution of the morphology of DP2041                   
during the firing
         glass 
     (0.25 to 1 micron)
RuO2 agglomerates
(~50nm)
       
melted glass
RuO2 is dissolving
in the melted glass
glass particles
not yet melted
homogeneous 
glassy matrix
RuO2 particles 
(~10nm)
After drying processs Glass melting point
End of the glassy melting Sintered paste: final product
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The crossed out elements originate from the microscope and the sample-holder.
The conductive particles are essentially composed of ruthenium oxide. The small amount of
detected lead shows that ruthenate phase is certainly not the major conductive phase. The nature
of the conductive phase is principally based on RuO2 with few ruthenate particles.
The glass spectrum is characterised by a majority of lead element. It also contains silicon and
aluminium. But it’s evident that no ruthenium is detected.
Moreover, it is interesting to note that the additives are essentially present in the glass (Ca, Mg,
Zn).
Figure 8: EDS analysis: element detection of particles observed for DP2041 paste
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Evolution during the firing process can be illustrated by the following AFM (Digital
instruments- Nanoscope IIIa) study (figure 9).
Pictures show an important change of morphology according to the temperature. At 600°C, the
glass is melting and no structure is apparent. However, at 850°C, we discern a nano-particle
network, which favours specific properties of conduction (tunnelling) described in the next
chapter.
Figure 9: AFM observation: particle organisation
Surface observation of a DP2041 sample fired at 600°C 
(melted glass)
Surface observation of a DP2041 sample fired at 850°C
(dispersion of RuO2 in the glass)
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It is unavoidable that chemical reactions occur during firing. These phenomena depend from the
local distribution of the elements. So, after some surface studies, bulk observations are carried
out.
TEM (Philips EM 430) permits to access to these kinds of details, and the associated mapping
studies give idea of distribution of elements.
Figure 10 is a representation of the bulk (thinned by ionic bombardment) of a fired screen-
printed resistor. (the substrate isn’t visible).
We remark an inhomogeneous system with small grains in an continuous matrix. 
Mapping micrographies allow to locate some components. In the following picture (figure 11),
we mainly study the repartition of major elements (Ru, Pb, Si) and some additives (Ca, Zr),
which are present in different kinds of grains.
Figure 10: TEM dispersion bulk analysis on a DP2041 sample fired at 850°C
Figure 11: Mapping representation of the spacial distribution of elements from fig.10
700 nm
700 nm
Pb Ru Zr
700 nm
Ru Si Ca
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We distinguish several well-defined zones, in particular ruthenium regions localised in a lead-
rich area. This corresponds to the conductive grains (agglomerates) dispersed in the glass. The
second map validates the idea that most of the lead is located in the glassy matrix, as silicon is
observed in the same region as lead. Indeed, these two elements are associated to form the
glassy matrix.
Note that boron element (contained in the glass) cannot be detected by this kind of method
because of its too low energy of excitation.
Concerning additives, different distributions are highlighted. Zirconia seems very localised
(like ruthenium), whereas calcium is dispersed. It certainly comes from the process: calcium is
added directly to the glass, while zirconia is added in the paste as a crystalline component
(ZrSiO4) as detected by previous X-ray analysis.
EDS micro-analysis give access to more details (figure 12): 
The analysis of the granular phase shows a great disparity of composition and of particle size.
Here is a detail of the selected areas:
zone A: Nb, Pb, Ca, Al
zone B: Ru, Pb, Si, Al
zone C: Zr, Pb, Mg, Al, Si
zone D: Pb, Zn, Ba, Si, Mg, Ca, Al
zone E: Ru, Pb, Si, Al
(B can not be detected!)
The systematic detection of lead in each element is due to the fact that all particles are embedded
in the lead glass. Zone D shows that the homogeneous area corresponds to the glassy matrix.
We can find a relation between the size and the composition of the particles. The smallest (B,
E) correspond to conductive grains, whereas the intermediate and largest (C, A) can be
Figure 12: TEM microanalysis: local composition in a DP2041 sample fired at 850°C
A
B
C
D
E
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considered as additives that have been added during the process or that have been formed during
the firing.
II . 1 . 5 . Outlook
These preliminary series of analysis constitute a first step in the understanding of composition
and behaviour in piezoresistive pastes (particularly, DP 2041 paste):
Nanograin size RuO2 or lead ruthenates are initially mixed with an organic binder (terpineol +
ethylcellulose) and some micrometer glass grain (lead borosilicate glass). During the firing,
organics are burnt out. Then occurs the sintering process, and the melting glass surrounds the
conductive grains. The final product is composed of nanoparticles dispersed in a homogeneous
glassy matrix. To control the properties, additives under oxide form can be added directly in the
glass or as a separated phase.
Obviously, transformations occur during the firing. Indeed, physical modifications have been
highlighted by SEM and AFM analysis. The result is a new organisation of the particle network,
resulting in a change and a stabilisation of the required electrical properties. These physical
transformations associated to a modification of properties are certainly associated to chemical
modifications. 
Considering literature [3-5] and the precedent results, we can propose some hypothesis: It rests
on a possible exchange of atoms during the firing (figure 13). Lead of glass could be transferred
to RuO2 conductive grains to generate a new ruthenate phase (or vice versa). On the contrary,
ruthenium atoms are expected to be dissolved partially and locally in the glassy matrix. this
chemical changes will cause a modification of the conductivity and then of the properties,
resulting in a supposed tunnelling conduction.
This first part (general composition of DP 2041) can be considered as the beginning in the
understanding of complex phenomena that we expect to clarify in the following chapter. Indeed,
we will try to emphasize the events occurring during the firing, and particularly the exchange
hypothesis by showing the formation of new phases.
                                       
Figure 13: Hypothesis of exchange mecanism during the firing
During the firing After the firing
RuO2 + Pb glass Pb2Ru2O6
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Notice that for standard conditions (850C, 15min), no significant transformations were
observed with X-ray analysis of DP 2041 at 300 and 850°C (figure 14).
A possible atom exchange forming a new phase was not detected, as the initial conducting phase
already includes a mixture of RuO2 and lead ruthenate phase. In order to emphasise this
phenomenon, it would be judicious to change the firing conditions and to choose other
piezoresistive pastes characterised by a single conductive phase. That is the purpose of the
following chapter.
II . 2 . Study of properties
II . 2 . 1 . Choice of selected pastes
All the selected commercial pastes are similar, as they share the same nature of glass (a lead
borosilicate glass) and conductive phase based on ruthenium.
Besides the fact that the glass composition differs concerning the concentration of the elements
as the firing temperature is not the same for the three pastes, the main difference comes from
the conductive composition and the grain size. These dissimilitudes have probably
repercussions on the structure after firing and then will influence electrical properties.
In this work, 3 compositions with Rs = 10 kOhms / sq nominal sheet resistance are evaluated: 
1) Du Pont (DP) 2041: a standard, considered as stable, composition widely used in
piezoresistive sensors, 
2) Electro Science Laboratories (ESL) 3414: specifically formulated to have high gauge factor
(GF) values,
3) ESL 3114: a low-firing (625 vs. 850°C for DP 2041 & ESL 3414) composition for
applications on enamelled steel substrates. 
Figure 14: Phase evolution vs. firing temperature (300-850°C) for DP2041 sample
DP 2041- 850°C
DP 2041- 300°C
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These compositions exhibit different conductive phases: RuO2 only in ESL 3114, ruthenate
(Bi2Ru2O7) only in ESL 3414, and a mixture of RuO2 and ruthenate (presumably Pb2Ru2O6) in
DP 2041.
II . 2 . 2 . Experiments - sample description
All the substrates are 96% pure alumina (Kyocera, Japan, A-476), the standard thick-film
substrate material. In order to minimise termination effects due to diffusion, gold (ESL 8837) is
chosen as termination material. A single layout (figure 15) is used to provide samples for all
measurements: structural and microscopic investigations (10 x 10 mm2 squares) (part A), Rs and
TCR (1.5 mm wide resistors of several lengths) (part B), and longitudinal and transverse GF
(Wheatstone bridge on cantilever beam), 1 x 1 mm2 resistors (part C). 
• measurements
Rs and TCR are measured as a function of resistor length between room temperature (RT =
23…26°C) and 100°C. Rs is always given at 25°C by correcting the RT value with the measured
TCR. The mean resistivity is determined from 1.5 mm wide resistors with 8 different lengths
ranging from 0.3 mm up to 5 mm and thickness of about 10 µm.
GF is determined at RT by applying weights at the end of the test cantilevers, with test elastic
strains of ca. 200 ppm (figure 16).
Figure 15: Layout design of a substrate
A              B                      C
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To measure the piezoresistive response, the pastes are screen printed in a Wheatstone bridge
geometry on 96% Al2O3 cantilever bars 50.8 mm long, b=5.08 mm wide, h=0.63 mm thick, and
with an effective Young modulus of E* = 333 GPa. The cantilever is clamped at one end,
whereas on the opposite end a known force F is applied at a distance d= 27.8 mm from the
farthest resistor. In this way, we can deduce the surface strain  ε = 6 F d / (E* b h2) along the
main cantilever axis, which is transferred to the TFR.
We speak about effective Young modulus as its value is a little higher than the modulus
mentioned in the literature (E ~ 315 GPa). This increase is due to the geometry of the beam.
Indeed, b being much larger than h, the plane strain model (ε ~ 0 in the plane of the beam,
perpendicularly to the beam axis) is appropriate.
In this case: 
ν : Poisson’s coefficient of the material (0.23 for alumina).
Typically, four resistors connected in a Wheatstone bridge are used to measure the GF value.
For better sensitivity (i.e. a greater change in the balance of the Wheatstone bridge), two
resistors are normally under tension (an increase of resistance) and two under compression (a
decrease of resistance). In our case, we chose to screen-print the four resistors on the same side
of the beam (you can see on figure 15 that the resistors are on the above side: they are under
tension). With this layout, the four resistors can be screen-printed in the same time contrary to
the other case that would require a two-step screen-printing. By this method, the reproducibility
of the screen-printing and the firing is enhanced. Moreover, this layout allows a differential
measurement of the strain, which is essentially independent of the position of the applied force.
Within the same thick-film resistor series, both the GFs and the current-noise indices increase
with increasing sheet resistivity, while the voltage response of the Wheatstone bridge decreases
[6, 7]. Therefore, in most cases 10 kOhms / sq. resistors are used for strain sensors as a useful
compromise between sensitivity and relatively low noise, and also because of their relatively
low power consumption.
The initial (as-fired) properties of the resistors for the standard firing cycle (850°C, 10 min for
DP 2041 and ESL 3414, and 630°C, 10 min for ESL 3114) are given in Table 1. The negative
TCR of ESL 3114 is expected due to the wide TCR tolerances for this paste and to the fact that
it is adapted to steel substrates, which have a larger TCE than alumina.
TCR for DP 2041 and ESL 3414 are slightly positive: they are well adapted to alumina
substrates.
Figure 16: Strain beam mounting for GF evaluation
E∗ E
1 ν2–
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Note: Formulae for the determination of R, TCR and GF are described in previous chapter I.4.2.
The observed microstructures (figure 17) differ considerably: the dried structures show an
inhomogeneity in function of the particle size. For the three pastes, glass grains are considerably
bigger than the conductive particles. However, DP 2041 looks more homogeneous, contrary to
ESL series that present sharper and coarser glass grains. These inhomogeneities lead to different
microstructures after firing: while DP 2041 has a fine microstructure, ESL 3114 and ESL 3414
exhibit a coarser segregation of conducting regions and glass-only areas. These observations are
in accordance with previous work on DP 2041 and ESL 3414 [8].
Material Rs 
(kOhm)
TCR 
(ppm/K)
GFL
longitudinal
GFT
transverse
DP 2041 11.0 58.0 11.6 8.1
ESL 3414 8.0 42.0 18.0 10.0
ESL 3114 8.5 -243.0 10.7 8.7
Table 1: Electrical characteristics for the standard schedule
Figure 17: SEM of the surface of the commercial resistors, before and after the firing    
(same scale for each micrography)
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II . 2 . 3 . Sensitivity and stability
II . 2 . 3 . 1 . Sensitivity: Effect of firing schedule
Resistors of each composition are subjected to 7 different firing cycles: 
1)   "standard" resistor firing cycle, in a belt furnace, with a temperature-dwell of 10 min; 
2/3) tube furnace, standard temperature, 1h, N/T; 
4/5) tube furnace, standard temperature, 11h, N/T; 
6/7) tube furnace, high temperature, 1h, N/T. 
"Standard" and "high" firing temperatures are 850 and 950°C for DP 2041 and ESL 3414, and
630 and 700°C for ESL 3114. 
Cooling times to 250°C are ca. 10min (standard belt furnace), 5 h (N, cooling in tube furnace),
and 20 s (T, quenching by rapidly removing and exposing the samples to air). 
The properties are given in figure 18 for the different firing schedules and the effect of each
parameter (time, temperature, quenching) is given in table 2. 
Changed parameters DP 2041 ESL 3114 ESL 3414
∆Rs         ∆TCR        GFL 
(%)        (ppm/K)       (%)
∆Rs       ∆TCR         ∆GFL 
(%)      (ppm/K)       (%)
∆Rs        ∆TCR     ∆GFL
(%)      (ppm/K)      (%)
Increasing time -43        +3       -13 -28       +26       -13 +39      -298       -12
Increasing temperature -86      +18       -14 -45     +212       -36    /           /            /
Quenching   -3       -43        +2   -2       +45        +6  -40         -1        +6
Table 2: Effect of firing parameters on as-fired properties
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No data is given for ESL 3414 fired at 950°C, as degradation at the terminations was found to
occur; SEM observations (figure 19) show a µm-wide glassy area between electrode and
resistor devoid of conductive particles. 
Figure 18: Initial values of sheet-resistance Rs and temperature coefficient TCR (left), 
initial gauge factors GF (right) as function of firing schedule. Std.=belt furnace; T=tube 
furnace, quenched; N=tube furnace, furnace cooled
Figure 19: Terminaison effect near the Au-electrodes (ESL 3414, 950°C, 1h, N)
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Except in this case, significant termination effects are not observed in this study, which is
expected when using Au.
The length of the resistor has a slight influence on the value of sheet-resistance or the TCR;
influence that is more visible for high thermal budget. The variations of Rs and TCR as a
function of the resistor length for DP 2041 are depicted on figure 20. The same variations are
observed on the other pastes (ESL 3414 and 3114). It was predictable in so far as gold electrodes
are used. This noble metal is known to have very little interaction with the paste: the diffusion
phenomena are negligible. The only variation that we could observe should be due to screen-
printing edge effects or it could come from the effect of electrode on short distances (in the case
of short resistances), as the gold paste we used (ESL 8837) contains some glass and adhesion
promoting oxides that could have a moderate interaction with the piezoresistive paste.
Nevertheless, this kind of electrodes allows us to be relatively independent of the external
phenomena (influence of diffusion…). So, the observed modifications will mostly come from
the intrinsic evolution of the resistors, as well as (at high temperature) from interactions with
the substrate and ambient air.
The effect of the firing schedule is quite different for each composition. Increasing firing
thermal budget (temperature, time) causes a strong decrease of Rs for DP 2041, but a small
decrease of GF values. ESL 3114 exhibits a much smaller corresponding Rs decrease, but a
larger decrease of GF. Quenching DP 2041 influences significantly only its TCR (decreasing).
Figure 20: Evolution of Rs and TCR values vs. resistor length (DP 2041)
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On the other hand, Rs is strongly decreased for ESL 3414 (this will be subject of future
investigations), and TCR increases for ESL 3114. Also, a small but significant increase of GF
is observed for ESL 3414 and 3114.
The variations due to an increase of thermal budget (DP 2041 and ESL 3114) are in accordance
with results found in the literature [5, 9, 10, 11].
Overfiring the resistors does not radically change the microstructure, but leads to coarsening of
the conductive particles for all compositions, which implies diffusion of Ru in the glass. XRD
spectra show no apparent change for ESL 3114 (conductive phase: RuO2 only) and ESL 3414
(Bi2Ru2O7 only). In the case of DP 2041, progressive decomposition of Pb2Ru2O6 into RuO2
and PbO (the latter enters the glass) occurs, in accordance with the published stability data [12].
From XRD spectra (figure 21), the mole fraction of Ru in ruthenate (vs. in RuO2) decreases
from 64% (850°C, 1h) to 2% (950°C, 1h). The resulting PbO enrichment of the intergrain glass
may contribute to the strong Rs decrease exhibited by DP 2041 [13]. 
The arrows show the decomposition of the ruthenate phase (Pb2Ru2O6) into RuO2 and PbO
(that is dissolved in the glassy matrix). This phenomenon of dissolution has been explained by
Adachi et al [3]. Stability/dissolution of the original conductive phase depends on the
composition of the glassy matrix. In the case of DP 2041, the relatively low lead-glass
(approximately 63/12/25 %wt : PbO/SiO2/B2O3) favoured the dissolution of ruthenate to form
ruthenium dioxide. In fact, the tendency to phase decomposition is generally determined by the
activity of PbO in the glass melt, but the actual degree of reaction is also governed by kinetics.
Also, firing DP 2041 at 950C 1h precipitates a crystalline phase, on the surface, identified as
ZrSiO4 by XRD. This new phase can be distinguished on SEM micrography (figure 22) thanks
to its triangular form on the surface.
Figure 21: X-ray spectra of the evolution of the ruthenate (Ru-) and RuO2 (Ru+) phases 
vs. the firing treatment for DP2041 from 850°C, 1h, N (curve A) to 950°C, 1h, N (curve B)
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Note that this phase was already detected in samples fired at 850°C, Std (see chapter II.1.4) but
there were no such compounds on the surface.
II . 2 . 3 . 2 . Stability: Post-annealing at 100 and 250°C
After firing, the samples are subjected to long-term annealing cycles at 100 and 250°C in order
to ascertain their stability.
Measurements are performed after firing and ex situ during annealing, by periodically removing 
the samples from the annealing oven.
Rs, TCR and GF values are measured by the same way as previous experiments.
No significant changes in properties are observed upon annealing at 100°C for all pastes. The
maximum variation of Rs is < 0.08%. Upon annealing at 250°C, similar results are obtained for
GF and TCR. Also, no significant change of microstructure or XRD spectrum is observed. The
stability of the microstructure and GF is in accordance with some authors [9], as they explain
that GFs of thick-film resistors depend to a greater extent on the microstructure of the material.
Figure 22: Presence of ZrSiO4 on the surface of DP 2041, 950°C, 1h, N
ZrSiO4
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However, Rs changes significantly at 250°C and its evolution, given as a function of annealing
time in figure 23, is dependent on the firing schedule. No dependence on resistor length was
observed, indicating the absence of significant termination effects.
In general, stability for a given cooling rate was found to increase with the firing thermal budget.
Increasing the temperature from 850 / 630 to 950 / 700°C had a larger effect than increasing the
time from 1 to 11h. The evolution of Rs upon annealing was also found to depend strongly on
the cooling rate (furnace or quench). Although the magnitude of the effect varies for different
pastes and firing temperatures and times, quenching always shifts the evolution of Rs to lower
values, in comparison with the corresponding furnace cooled sample.
DP 2041 (Rs change < 1.0%) was found to be the most stable paste. Even in this case, the
observed changes (all positive) are larger than the full-scale piezoresistive response of
corresponding sensors using alumina substrates (around 0.3%). ESL 3414 shows similar
behaviour, although with poorer stability (changes up to 8%). Except for the short standard
firing cycle (10 min), the evolution tends to saturate, and even be partially reversed after ca.
200h, as observed by Cattaneo et al [14].
Figure 23: Relative change of sheet-resistance Rs during the annealing
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In spite of the much lower firing temperature of ESL 3114, its thermal stability is comparable
to that of DP 2041. Samples made with slow furnace cooling exhibit low positive evolution of
Rs upon annealing, which tends to saturate around +0.6%. A similar negative evolution is
observed for the sample fired under standard conditions. Quenched samples differ markedly,
however, with Rs decreasing strongly upon annealing. In this case, increasing the firing thermal
budget significantly improves stability.
At 250°C, possible evolution mechanisms could involve Ru in glass (dissolved or in clusters
[15]), or mechanical relaxation. Our investigation methods did not allow direct assessment of
Ru in glass, but local rearrangement of Ru in glass during annealing such as precipitation of
supersaturated Ru into clusters cannot be ruled out.
Mechanical strain relaxation can be extrinsic (macroscopic thermal mismatch between resistor
and substrate) or intrinsic (local thermal mismatch between glass and conductive phase).
Extrinsic mismatch between Al2O3 and standard 850°C firing resistors is thought to be small,
as TCE values given for the glass [16] and RuO2 (average [17]) are 7…8 and 5 ppm/K, close to
the ca. 7 ppm/K value for Al2O3. However, the intrinsic, local thermal mismatches are much
higher in the case of RuO2-containing resistors. Rutile RuO2 has anisotropic TCE values: +9
and -2 ppm/K for the a=b and c axes [17]. Upon quenching, strong tensile strains are therefore
expected to be frozen in along the c axis, which can later relax during annealing. We could not
verify whether a similar reasoning can be applied to Pb or Bi ruthenate containing resistors, as
no TCE data was found for these compounds.
II . 3 . Conclusion
After the analysis of the composition and structure of a typical commercial paste DP 2041, the
sensibility and the stability of three usual inks was studied, because of limited available
information in literature concerning the effect of firing schedule, particularly of quenching.
The influence of the firing schedule on the properties (Rs, GF and TCR) was found to be
different for the three tested compositions. But, Rs seems to be more influenced by the firing
conditions contrary to TCR and GF values that are less sensitive. However, ESL 3414 appears
to be strongly influenced by these modifications. Upon annealing at 250°C, only Rs changes
significantly, and its stability was found to strongly depend on composition and firing schedule.
ESL 3414 exhibited the highest changes, whereas DP 2041 and the low-firing ESL 3114 had
comparable stability. Increasing the cooling speed by quenching affects both properties and
annealing behaviour. This could come from supersaturated Ru in the glass or from frozen-in
local strains between conductive phase and glass matrix. 
Concerning the structural modifications, the most important phenomenon is the evolution of the
conductive phase (ruthenate) into RuO2 at high temperature in the case of DP 2041. 
From a technical point of view, it’s evident that these pastes could be optimised. Indeed, their
stability could be enhanced with a higher GF. Moreover, they should be modified to be adapted
on more elastic substrates (aluminium or steel); that entails a decrease of the firing temperature,
and consequently a modification of the composition. In this respect, the results for ESL 3114
are very promising.
These first results will constitute a «starting point» to realise new pastes. The commercial paste
results should be considered as our references. 
From a scientific point of view, this first step has permit us to show that nanostructure,
conduction and properties are intimately linked. By choosing adequate and relevant
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composition, structure and firing, we will try to unveil the conduction process that has not been
yet elucidated.
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CHAPTER III:
Development  of  new piezoresis t ive  pastes
The last chapter was dedicated to the study of commercial piezoresistive pastes. The general
composition of such pastes has been determined by chemical and structural analyses. On the
other hand, the studies of stability have demonstrated that reactions between the components are
occurring during the firing, leading to the required electrical properties. The firing conditions
have been proved to be of great importance, as stability and electrical behaviour seem to be
dependant of them. Although all the phenomena have not yet been elucidated, these first results
can be considered as reference and as a starting point for further investigations.
The present chapter is devoted to the selection of parameters to realise new model pastes, whose
electrical and structural properties will help us to understand their behaviour. At the end of the
chapter, different series of pastes with different technological purposes are proposed in the aim
to elucidate the conduction mechanisms. The advantage to realise experimental pastes is the
knowledge/control of the exact composition and the possibility to isolate the properties affected
by each chosen parameter.
By this way, a manufacturing process has been developed and laid out, process never precisely
described in the literature, for this kind of pastes.
III . 1 . Aims: twofold
The realisation of new piezoresistive pastes is encouraged by two interrelated aims:
a technological approach:
- to enhance the properties of the current commercial piezoresistive pastes: to realise a paste
used for the same applications (alumina substrate: high firing temperature).
- to manufacture a new generation of piezoresistive pastes adapted to more flexible/sensitive
substrates: aluminium, steel..: lower firing temperature.
In this aim, chemical phenomena, which correspond to the reactions between the elements
(exchange of atoms) during the elaboration process, together with the influence of different
parameters such as the change of conductive grain size, or of the glass composition will be
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studied. The resulting electrical properties will be examined in the light of the structural
modifications.
a scientific approach:
- to obtain a better understanding of the evolution of the structural, electrical properties and
electrical transport mechanism. Firstly, the influence of the process conditions will be
investigated. To this end, we will take an interest to the chemical reactions occurring during
the sintering and firing steps. On the other hand, a coherence between the electrical transport
and its the complex nanostructure will be found. It will be then useful to study and understand
the conduction mechanism that take place in such percolative systems in which tunnelling
effect between the conductive particles is predominant. At the end of the study, a model of
conduction based on a new approach will be validated.
This part will allow us to better understand the evolution of electrical properties and
consequently to enhance the properties of piezoresistive pastes.
Analyses of current commercial piezoresistive pastes are considered as reference. The
composition of our model pastes will be based on the precedent results.
In order to study the physical, electrical and structural evolutions of piezoresistive pastes, we
have chosen judicious parameters for their composition. The following section consists in a
detailed description of the different components: their composition, their characterisation and
their manufacturing process.
III . 2 . Choice of parameters: composition, characterisation and 
process
We detected in the precedent chapter that piezoresistive pastes are composed of four parts:
- a lead-borosilicate glass,
- an organic phase,
- a conductive phase,
- diverse additives (oxides).
In this work, we will take an interest in simple systems in order to focus our study on the basic
and essential phenomena. No additives will therefore be used.
It is useful to mention that the chosen parameters have specific actions on the properties of
piezoresistive pastes:
- the glass composition influences different parameters. The nature of the glass determines the
substrate to be used, as it determines the firing temperature and the temperature coefficient of
expansion (TCE) of the paste. Indeed, glass and substrate should be compatible to assure good
cohesion [1]. Moreover, the stability of the conductive phase is dependent on the glass
composition, and the nature of the conductive grains will influence the resistivity of the thick
film. 
- conductive particle concentration and grain size influence the stability and the electrical
properties by modifying GF, TCR and Rs values [1]. The conduction mechanism is
consequently mainly dependent on the nature, the grain size and the concentration of the
conductive nano-particles.
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- the organic vehicle allows to control the rheology of the paste in order to perform the screen-
printing, and insures cohesion of the particles during manipulation of the screen-printed
substrate after the drying process. The final properties depend on the complete removal of the
vehicle.
An itemised description of the different chosen parameters is given hereafter.
III . 2 . 1 . Glass
III . 2 . 1 . 1 . Glass composition
Glass compositions were selected according to their physical properties (TCE, Tg, ...). The
choice is representative of a range of temperature based on phase diagram of lead-borosilicate
glass as it offers a large melting temperature scale for our tests [2-4]. This glass is not absolutely
inert with respect to the conductive phase. From Adachi and Kuno's studies, the stable
conductive phase is dependent on the glass composition [5]. The stable phases will be
experimentally determined by overfiring the resistors.
Different works have been realised on standard glass composition but less with low firing
temperature ones. Of course, low firing temperatures don't favour chemical exchanges. This
will allow us to study separately the physical phenomena of conduction from the chemical
reactions, and it will be interesting from the point of view of technology.
The three chosen compositions are represented on the phase diagram (figure 1) [2], and
corresponds to the following compositions (PbO / B2O3 / SiO2) mentioned in weight percent
and molar percent:
glass (a) called V2:  63 / 25 / 12  % wt - 33 / 43.5 / 23.5 % mol
glass (b) called V6:  75 / 10 / 15 % wt - 46 / 20 / 34 % mol
glass (c) called V8:  85 / 10 / 5 % wt - 62 / 24.5 / 13.5 % mol
2 % wt of Al2O3 is added to each glass composition in order to avoid a possible crystallisation
of silicon oxide into cristoballite phase during the manufacturing process [6]. Indeed, a
devitrification of the glass could affect and alter the electrical and structural properties, and
could modify the melting temperature of the glass.
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Figure 1: Phase diagram of the PbO-B2O3-SiO2 system from Johnson and Hummel [2]
a
b
c
Fig B
weight percent
Fig A  The system PbO-B2O3-SiO2 
showing immiscibility regions. Shaded 
area probably is a metastable region; 750, 
800 and 850°C solid and dotted isotherms 
show probable contour of two-lquid 
dome.
c
b
weight percent
Fig B  High-lead region of the system 
PbO-B2O3-SiO2.
Development of new piezoresistive pastes
Sonia VIONNET-MENOT 63
Glass (a) corresponds to a standard composition often used in the literature [5,7-13] and in the
manufacture of commercial high-firing (850°C) compositions, because it fulfils the required
properties: its thermal coefficient of expansion is close to the one of alumina, it has a required
low viscosity and a suitable surface tension at high-temperatures (800-900°C) [14].
On the opposite, glasses (b) and (c) can be fired at low temperature as represented in figure 1. 
Glass (c) corresponds to the minimal melting temperature system (500°C). This composition is 
expected to be compatible with aluminium substrates.
Note that these diagrams on figure 1 are helpful, as they allow us to avoid an immiscibility
region for lead oxide compositions below 60 % wt, boron oxide concentration above 30 % wt
and silicon oxide below 40 % wt.
These glasses are manufactured in the lab and they are characterised in order to verify that their
physico-chemical properties are in accordance with the reference data.
III . 2 . 1 . 2 . Manufacturing process
Different starting powders are used:
- PbO: lead (II) oxide (litharge), 2 microns powder, 99.9+ %, Fluka Chemie GmbH
- H3BO3: boric acid, crystalline powder < 10 microns, 99.99+ %, Aldrich Chemical Co
- SiO2: silicon oxide quartz B600, 2 microns, 99+ %, Sihelco AG
- Al2O3: aluminium oxide-alpha, 1 micron, 99.99+ %, Alfa Aesar - Johnson Matthey GmbH
Micrometer powders are preferred in order to optimise the blending before the firing by a
homogeneous grain size of the different components. Attention will be turned to the purity of
the starting materials (> 99.9%) and to avoiding external contamination or formation of bubbles
during the firing coming from carbon residues.
Boric acid (H3BO3) is used instead of boron oxide (B2O3), because the oxide is very
hygroscopic in ambient air and transforms over time into acid. In order to determine the quantity
of water in the acid and the decomposition steps of H3BO3, a TG / DTA analysis is realised
(figure 2):
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From TG analysis, we can estimate that H3BO3 contains ~ 42 % wt of water, lost by a two-step
reversible stoechiometric decomposition below 400°C:
Residual peaks above 200°C should be due to the decomposition of other minor impurities
(3%wt).
The reversibility of this dehydratation reaction has been observed with IR spectroscopy
(figure 3).
Figure 2: TG / DTA spectra of boric acid dehydratation
DTA curve
TG curve
minor decomposition
reaction 2)
reaction 1)
1)  H3BO3  
2)  2 HBO2
 HBO2 + H2O
 1) + 2):  2 H3BO3 
 B2O3 + H2O
 B2O3 + 3 H2O
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The evolution of the hydroxy-bonds of H2O peaks at 3200 and 1400 cm-1 contained in the boric
acid are observed. Peaks decrease if the acid is heated up at 115°C during 30 min (drying). After
this treatment, the compound is left 30 min in ambient air, and the peaks increased again, which
underlines the reversibility of the reaction.
Note that water is not totally extracted as the heating temperature was too low (115°C, limited
by the apparatus in this study).
In the light of these results, a pre-drying step (~ 400°C) should be included into the fusion cycle
of the glass, in order to eliminate the residual water before melting of B2O3. Consequently, the
weight of the included water will be taken in account in the weighing of H3BO3.
The other components were subjected to the same analysis and no significant loss of weight has
been detected.
Here are following the steps for the manufacture of the lead-borosilicate glass phase (figure 4).
The state of the components at each processing step is given on the right of the diagram, and the
characterisation techniques (detailed in the next section) are mentioned on the left.
Figure 3: IR spectra of boric acid reversible dehydratation
before drying
drying
after drying
boric acid
20°C
boric acid
115°C-30min
boric acid
20°C-30min
Development of new piezoresistive pastes
66 Sonia VIONNET-MENOT
Figure 4: Manufacture process of  lead-borosilicate glass frit
Technical details:
• Blending 
It is realised in a Turbula type T2C - WAB.
• Firing
Firing is carried out in a box furnace (Lenton Thermal Designs - 2416CG Eurotherm controller).
The powder is poured in a alumina crucible (Al998-001/4: 99,8 % purety, Metoxit AG) in order
to avoid external contamination (the diffusion of alumina from the crucible to the glass will be
quantified). A crucible is dedicated to each glass composition. 
As quenching necessitates manipulation of the crucible at high temperature, it is placed in a
machined special refractory steel enclosure (crucible) that can be removed from the furnace
weighing and blending of 
powders-15min
firing with a specific 
cycle, Tf
quenching in cold (5°C) 
demineralised water3 times
drying - 120°C, 2h
ball milling with zirconia 
balls in demineralised water, 
72h 
crushing in a alumina 
mortar, 1h30
rinsing with acetone - 
extraction of the 
milling-balls
drying 70°C, 3h
sieving (400 mesh)
pale yellow coarse 
glass frit, grain 
size(gs) 2-3 mm
white powder, 
gs < 50 µm
moist white paste
agglomerated 
white powder
white powder, 
gs:1-5 µm, 
ready to be used
XRD, DSC-
dilatometry, TG, 
densimetry
granulometry, 
XRD, XRF
granulometry, 
XRD, XRF
orange coloured 
powder
steps of the process
glass state
characterisation techniques
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with appropriate tongs. Moreover, the use of a steel enclosure gives additional thermal inertia
and insulation to the glass, slowing down its cooling during the manipulation and protecting the
alumina crucible from thermal shock. Finally, the steel enclosure protects the user if the alumina
crucible accidentally breaks up because of the thermal variations between the furnace and the
ambient temperature. A representation of this ingenious system of «double-crucibles» is shown
in figure 5:
Figure A represents the double-crucible system with a machined cover. A groove insures air
access to the crucible during the firing. A hole machined through the cover allows removing it
with a rod, before the quenching. Figure B shows the tong system that allows a safe
manipulation. Two retaining rods keep the alumina crucible in place during the quenching.
The powder is then fired in order to obtain a glass. The firing cycle follows appropriate steps
adapted to each glass.
All the glass should be fired (melted) three times in order to optimise homogeneity and melting
process. Note that the first cycle is different from the two others, as a 420°C-1h dwell
temperature, with a smaller 50-420°C slope, is added to favour the elimination of residual water
in boric acid.
The adapted cycles corresponding to each glass are depicted in the following figure (figure 6).
Figure 5: Schema of the «double-crucible» system for the glass firing
A: Double-crucible system for the firing
cover
groove
notch
steel 
enclosure
alumina
crucible
hole
special tongs
retaining rods
flow of glass
B: Tong system for the quenching
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A cover should be added on the steel crucible at 700°C (after the elimination of organics), in
order to limit lead evaporation occurring from 900°C. This phenomenon is already controlled
by the three consecutive cycles, as it is less damaging to heat several times during a short time
the glass at high temperature instead of to maintain it at high temperature during a long time.
Although a cover is used, the crucible should not to be hermetically sealed! Indeed, it could stop
the air (oxygen) access to the crucible, which can cause a reduction of PbO contained in the
glass into non-miscible lead metal that precipitates in the bottom of the crucible. In this case,
the reductor can be carbon residues originating of the burnout of organic compounds.
This problem appeared once: the covers stayed stuck on the crucible. The lead balls were
collected, and the corresponding mass of Pb3O4 (obtained by heating PbO during 24h at 450°C)
was added to the glass. It is judicious to add a lead oxide with a higher oxidation degree as it
excess of oxygen could serve to oxidise the possible carbon residues into CO2.
• Quenching
Quenching allows to avoid crystallisation of the glass. By cooling it rapidly, the glass stays
amorphous. Moreover, a glass frit is obtained by quenching: it improves homogenisation
between the firings (the segregation of PbO in the bottom of the crucible is limited) and allows
an easier crushing of the glass.
Quenching in cold (5°C) demineralised water enables to maximise thermal shock (cold water)
and to limit dissolution and contaminations (demineralised water).
 
• Milling
A first dry crushing is performed in an alumina mortar (Retsch apparatus), which brings little
contamination. 
A finer grinding is then carried out by ball-milling. The powder is poured in glass bottles with
water and 5 mm diameter size zirconia balls. The bottles are placed on rolls (Siemens apparatus)
whose speed of rotation is well defined. (If the speed is too high, the balls will stay on the bottle
Figure 6: Fusion cycles for the manufacturing of the V2, V6, V8 glasses
1st cycle 2nd and 3rd cycles
V2
V6
V8
V2
V6
V8
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wall because of the centrifugal speed. If the speed is too low, the balls stay on the bottom of the
flask and their inertia is too low to break the particles.)
The process rests on the fact that the inertia of the falling balls will break the glass particles.
Water is used as the liquid because it lowers the strength of the glass: the crushing is easier to
perform.
• Sieving
An agglomerated powder results in the drying process following the ball-milling. To break up
these agglomerates, a screen (400 mesh) is used to sieve the micrometer powder glass.
III . 2 . 1 . 3 . Characterisation
This section is essential to validate the different steps of the process (crushing and milling) by
observing their influence on the glass.
This section is devoted to verify that the obtained glasses have the required physico-chemical
properties. Also, their thermal properties, sintering behaviour and stability are studied. The
glass should be:
-   amorphous
-   1-10 µm grain size
- TCE close to alumina (ideally slightly lower so that the resistor is under moderate
compression), or steel, or aluminium, respectively: 7 ppm/°C for alumina, 13 for ferritic steel,
17 for austenitic steel, and 24 ppm/°C for aluminium
-   not contaminated during the process.
Moreover, it is important to know some other parameters:
-   phase transitions: glass transition temperature (Tg), and melting temperature range
-   density.
These abovementioned properties can be divided into two groups:
-   intrinsic properties that are inherent to the glass such as phase transition, stability...
-   extrinsic properties depending on the manufacturing process (crushing and milling).
III . 2 . 1 . 3 . 1 . Intrinsic properties (inherent to the glass)
To this aim, a series of analyses was carried out.
• Crystalline state of the glass
XRD is carried out on the glass powder.
If the glass is amorphous, no peak should appear. The results are represented in figure 7. The
starting powders of the glass are first represented (PbO, SiO2, H3BO3, Al2O3). The spectrum of
a non-fired powder glass shows the different peaks corresponding to the above powders.
Finally, V2, V6 and V8 melted glasses are represented in the lower part of the graph. 
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From the spectra, it is beyond doubt that the V2, V6, V8 are amorphous. For small angles of
diffraction, only a short-distance order is detected. It corresponds to the Si-O-Pb or Si-O-Si
bonds, for instance. 
The melting is supposed to be successful, as none of the initial crystalline powder phases are
observed after the firing process.
• Phase transitions
The behaviour of each glass during the firing process is studied with DSC analysis. The
resulting diagrams are represented in figure 8.
Figure 7: X-ray diffraction of the three manufactured glasses
Figure 8: DSC spectra of the V2, V6, V8 glasses
PbO
SiO2
H3BO3
Al2O3
unfired glass
fired glasses: 
V2, 6, 8
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The experiment was realised at 10 °C/min from 50 to 600°C.
The characteristic recess corresponds to the glass transition (Tg) of each glass. No exothermic
peak due to crystallisation is observed. Note that the melting step, at Tf, is not clear as it is a
progressive phenomenon that does not appear clearly on such DSC spectra. The determination
of Tf is arbitrary as it is defined as a temperature corresponding to a chosen viscosity. The most
important parameter is Tg as it corresponds to the temperature when the glass begins to
transform, to sinter and to adhere to the substrate.
The curves are a little bent: it comes from the calibration of the apparatus.
We can deduce the following approximate Tg values:
- V8: ~ 370°C
- V6: ~ 450°C
- V2: ~ 500°C
As expected, V8 and V6 can be considered as low-temperature glasses, whereas V2 is a
standard-high temperature glass. These results are in accordance with the literature [15], even
if we observe a difference of 25°C with the Tg values given by Trubnikov et al. They obtained
lower values as the heating rate is slower (2.5 °C/min) than ours (10 °C/min) and causes a shift
of temperatures.
These DSC results are confirmed by analysis with dilatometry. Each glass powder is pressed in
a cylindrical pellet that is placed in the dilatometer and heated. The evolution of the height of
the cylinder is determined with displacement sensors (Setaram high temperature dilatometer).
Tg and Tf will cause a progressive decrease of the height of the sample. Figure 9 represents the
evolution of the height of V8 (% displacement) vs. temperature.
Step a) corresponds to Tg, and step b) shows the beginning of melting. The process was then
stopped because the melting glass can damage the apparatus.
V2 and V6 show similar behaviour and confirm the DSC results.
Figure 9: Dilatometry analysis of the V8 glass
step a)
step b)
melting
     sintering
~ complete sintering
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The possible difference of temperature between DSC and dilatometry could come from the
calibration of the devices.
• Glass stability
TG analysis allows to show the importance of the firing conditions. Lead oxide glass firing
requires an oxidising environment. Indeed, under reducing conditions (N2/H2), PbO contained
in the glass can be reduced into lead metal as shown in figure 10.
V6 glass is heated at 5 °C/min from 50 to 800°C, and kept at this temperature during 3 hours.
From 800°C, a loss of mass (- 15% wt) is measured. It corresponds to the reduction of PbO into
Pb. Indeed, at the end of the experiment, the glass sample has become grey, indicating the
presence of precipitated lead.
This reduction is reversible. The same sample was fired in the same temperature conditions but
in oxidising environment (air) (figure 11).
Figure 10: TG of the V6 glass fired under reducing conditions
- 15 % wt
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From 500°C, lead metal is oxidised into PbO. At the end of the experiment, the sample has
become transparent: the grey colour has disappeared.
Besides showing the importance of the firing environment, this last experiment allows to
demonstrate that no evaporation of lead was detected during the isotherm, as no loss of mass
was measured. The glasses can therefore be considered as stable.
Figure 11: TG of the V6 glass fired under oxidising conditions
+ 10 % wt
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• Thermal Coefficient of Expansion (TCE) of the glass
TCE was determined from literature data [15]. A composition TCE diagram is depicted in figure
12. The lines (called isodilates) connecting the points corresponding to compositions (in mole
fraction) with the same values of TCE are represented.
From this system of isodilates, we can deduce the following TCE for each glass:
V2: ~ 7 ppm / °C
V6: ~ 9 ppm / °C
V8: ~ 11 ppm / °C
From these results, we can already suppose problems of incompatibility of the Al2O3 substrate
with the V6 and V8 systems, as their TCE are too high. In these cases, the fired film is expected
to be under tension, which could provoke local cracks. But, remember that the final goal is to
use these low firing pastes on substrates with higher TCE (aluminium or steel).
• Density
This parameter will be useful for the calculation of the volumic fraction of the glass in the final
piezoresistive pastes.
It was determined from the Archimede’s principle. It is based on the fact any body plunged in
a fluid undergoes a vertical force FA (push) upward, whose intensity is equal to the weight of
the volume of displaced fluid (this volume is thus equal to the immersed volume of the body).
we can deduce the following formulae:
Then,
Figure 12: Composition (mole fraction) TCE diagram [15]- The numbers at the curves 
correspond to the values of the TCE in 10-7 K-1 
V6
V2
V8
FA m mapp–( ) g⋅ V ρwater⋅
m
ρ
--- ρwater⋅= = =
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m: mass of the glass sample
mapp: «apparent» mass of the glass sample plunged in the fluid (water)
ρwater: volume mass of the fluid (water)
ρ: volume mass of the glass sample
V: volume of glass sample
g: gravity
A sample of each glass is obtained by pouring the liquid glass in a graphite mould. After
cooling, the sample is extracted, and its density measured.
The estimated densities are:
dV2: ~ 4,56
dV6: ~ 5,30
dV8: ~ 6,10.
The more lead-rich the glass, the higher its corresponding density.
III . 2 . 1 . 3 . 2 . Extrinsic properties (depending on the process)
These properties are resulting from the process and not from the inherent elements of the glass.
It is important to know the influence of crushing and milling on the grain size glass. But this
kind of treatment can cause contamination of the glass. This is why the pollution of the glass
will be quantified.
• Grain size determination
The final glass frit should have 1-10 micrometers grain size. In this aim, the glass is subjected
to two crushing steps (see figure 4): a crushing in a mortar (1h30) and a ball-milling (72h).
Indeed, the crushing in mortar is aimed to rough-hew the starting micrometer glass frit, as the
ball-milling is not enough effective.
In figure 13 are depicted the evolution of the grain sizes during the crushing process.
ρ ρwater
m
m mapp–( )
--------------------------⋅=
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Measurements were realised with a Malvern Instruments - Mastersizer apparatus. The technique
consists in determining the particle size distribution by laser diffraction. 10 nm to 1 mm particle
sizes can be detected (with an optimum working for 100 nm - 100 µm particles).
After only 30 min mortar crushing, the particle size is smaller than 500 µm. The increase of
crushing time allows to decrease the number of grains with big size (100 µm) and to reduce the
dispersion of the particle size (increase of the slope).
Ball milling reduces significantly the diameter of particles (below 10 µm), and three days
milling allows to obtain 80% of the grain sizes between 0,5 and 10 µm. 
The 20 % remaining biggest particles (> 10 µm) are eliminated by sieving.
• Contamination from crushing and milling
These steps are the main source of pollution for a sample. 
There are 3 sorts of contamination:
- contamination from the alumina mortar: alumina pollution
- contamination from the ball-milling: ZrO2 contamination 
- carbon contamination from the wear of the polyethylene (PE) flasks during the ball-milling.
No detected crystalline phase (Al2O3 or ZrO2) were observed on XRD spectra. The
contamination with alumina was so low that it isn’t measurable. The pollution from ZrO2 was
estimated from XRF measurements to be 0,8 % wt, which is satisfactory.
The most important and disturbing pollution was carbon contamination coming from the wear
of the PE flasks initially used for the ball-milling. The polymer particles can provoke bubbles
or carbon inclusions in the glass during the firing, which can modify the piezoresistive
Figure 13: Grain size evolution of the glass during the crushing steps
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properties of the pastes. These grey particles are easily visible to the naked eye if a thin layer of
glass is fired. This is a simple way to verify that no carbon is present.
In order to avoid this kind of problem, the PE flasks were replaced by pyrex bottles, whose
plastic cover was protected with a machined plug, on which a sapphire (Al2O3) plate was glued.
III . 2 . 1 . 3 . 3 . Summary of the glass properties
The following table presents the physico-chemical properties of the three manufactured glasses:
III . 2 . 2 . Organic phase
The organic phase should fulfil two conditions:
- to assure the required rheological properties for the screen-printing,
- to assure the cohesion between the particles after the drying.
The rheological properties are obtained by the association of a volatile and a non-volatile phase.
The cohesion is only assured by the remaining non-volatile phase (polymer).
V2 V6 V8
composition 
PbO/B2O3/SiO2+Al2O3 
63 / 25 / 12 + 2 %wt 
33 / 43.5 / 23.5 + 2 % mol
75 / 10 / 15 + 2 %wt 
46 / 20 / 34 + 2 % mol
85 / 10 / 5 + 2 %wt
62 / 24.5 / 13.5  + 2 %mol
crystalline state amorphous amorphous amorphous
Tg (vitrous transition): °C 500 450 370
density 4.56 5.30 6.10
TCE: ppm/°C 7 9 11
grain size: µm 0.5 to 10 0.5 to 10 0.5 to 10
Table 1: Manufactured glass properties
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III . 2 . 2 . 1 . Manufacturing process
The used compounds are (figure 14):
- terpineol, anhydrous: C10H18O, Fluka Chemie GmbH - 99,95% purity (solvent)
- ethyl-cellulose, ethoxyl content 48%, 300 cps: Fluka Chemie GmbH (polymer).
(These two phases were determined in chap II).
Ethylcellulose is progressively added to the terpineol heated at ~ 40°C. The final mixture should
be composed of 2,6 % wt of polymer.
The blend is homogenised by magnetic stirring during two hours. A transparent «gel» with the
required viscosity is then obtained. Conductive (see the following section) and glass powders
are added and mixed to obtain a paste (see part III.3) that can be used to characterise the organic
phase behaviour.
III . 2 . 2 . 2 . Characterisation
• Decomposition
A first step is to study the decomposition of the organic phase. All the organics should be burned
out before any phase transformation of the glass (here, below Tg) to avoid that carbon particles
stay embedded in the glassy matrix.
TG analyses are then carried out to verify that the temperature of complete burnout is below the
Tg of each glass.
In figure 15 are represented TG spectra of two kinds of cellulose: 46 and 300 cps.
Note that the denominations of the 300 or 46 cps ethycellulose correspond to the viscosity of a
5% solution of each ethylcellulose in a 80 / 20% toluene / ethanol solution.
Figure 14: molecular representation of the organic components
Terpineol
     Ethyl cellulose
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Although 46 cps cellulose is currently used for standard piezoresistive pastes, this polymer can
not be used for low-firing temperature pastes (V8 pastes, for instance), as for this V8 glass,
cellulose should burn out before 370°C. Whereas 46 cps cellulose is not adequate, 300 cps
cellulose is totally burnt at 380°C. It could be acceptable if the paste firing cycle is adapted to
optimise the burnout of the organic before 370°C (for instance, the heating rate can be decreased
or an isotherm can be added: see part III.3). Moreover, the quantity of polymer is low, as it
represents only 2,6 % wt of the organic phase. The remaining carbon particles should be then
negligible at 370°C.
Note that tests with other polymers were carried out. For example, PEMA - poly(ethyl
methacrylate - is burned out below 360°C, but its rheological properties were not appropriate.
Other organic compounds such as organic phosphate esters could be suitable, but their burnout
generates permanent residues (like phosphate) that can modify the properties of the films.
• Rheological behaviour
The second step was to verify that the mixture of solvent and polymer confers the required
rheological properties to the paste. Indeed, as explained in chapter I, the paste should be
characterised by a pseudoplastic or a moderate thixotropic behaviour. Pseudoplastic or
thixotropic fluids are similar in behaviour, in that viscosity decreases by applying shear stress,
but thixotropy implies hysteresis (figure 16). The thixotropic effect is characterised by two
possible values of viscosity, corresponding to an increase or a decrease of shear rate, or by a non
recovery of the initial viscosity after shearing. Thus, the more a thixotropic ink is sheared, the
more the viscosity is degraded. One understands why the thixotropy is harmful to the
reproducibility of the screen printed films. 
Figure 15: TG spectra of different ethylcelluloses
cellulose 46 cps
cellulose 300 cps
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A simple mean to validate the rheological behaviour of our pastes is to compare them to the
behaviour of an usual commercial paste (DP 2041).
In this aim, we used a HAAKE viscosimeter with a cone-plate system type C20-4° (α = 4°)
(figure 17). This geometry (cone-plate) is adapted to characterised high viscosity samples and
does not require important quantities of paste for the test.
Figures 18 and 19 represent the rheological behaviour of respectively a commercial paste
(DP2041) and a paste realised in our lab.
Figure 16: Thixotropic behaviour
Figure 17: Description of the cone-plate system
α
paste
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η represents the viscosity (Pa.s).
τ corresponds to the shear stress (Pa).
dγ / dt  is the shear rate (s-1). It corresponds to the squeegee motion on the screen to let the paste
go through it, which induces friction. This friction is reproduced when the paste is between the
Figure 18: Rheological behaviour of an usual commercial paste (DP 2041) 
Figure 19: Rheological behaviour of an experimental paste
(= dγ/dt)
(=dγ/dt)
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two plates of the cone-plate rheometer. When the plate stay fixed and the cone turns, each layers
of the paste moves by following the adjacent one at a different speed because of the frictional
forces. A velocity gradient develops inside the ink, and it is called the shear rate.
These three above variables are linked by the following formula:
From figures 18 and 19, we can deduce that both pastes have a moderate thixotropic behaviour,
as a hysteresis is observed with the τ = f (dγ / dt) curve. Moreover, at the end of the shear test,
the sample does not recover its initial viscosity (η= f (dγ / dt) curve).
It is confirmed that the rheological behaviour of the experimental paste is similar to that of DP
2041, although the maximal shear stress value for the maximal shear rate is lower for the first
one. However, the obtained rheology of the paste is satisfactory for screen-printing, as the
behaviour meets the following requirements for high quality and reproducible printability
[16,17]:
- a high viscosity at low shear rate
- a low viscosity and a high shear stress at high shear rate
- a sufficiently reversible behaviour to achieve a reproducible layer.
Comment:
Some measurement problems can be due to a crack of the fluid at the middle of the angular slit,
which contributes to drive the fluid to the exterior of the angular slit (figure 20).
We met this phenomenon in the case of inhomogeneity of the paste or if the shear rate is too
high. A resulting curve is represented in figure 21.
Figure 20: Measurement problem resulting in a crack of the fluid
η τ
γ·
-=
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At high shear rates, we note a decrease of the shear stress value. At the end of the test, the
phenomenon described in figure 20 is observed. It corresponds to a disorganisation / destruction
of the molecular structure of the polymer. However, this is observed in «extreme conditions»
as, during screen printing, the shear stress does not exceed 50 or 100 s-1 [18].
From these experiments, the chosen organic composition can be accepted, in the following
proportions:
2,6% wt of ethyl cellulose 300 cps in terpineol.
III . 2 . 3 . Conductive phase
This phase constitutes one of the most important parameters together with the glass in
piezoresistive paste compositions, as the electrical values and conduction process depend on it.
III . 2 . 3 . 1 . Selected compounds
Different size of RuO2 powders are selected:
- 400 nm: Ruthenium (IV) oxide, anhydrous, >99.95 %, Alpha Aesar - Johnson Matthey GmbH.
- 40 nm: Ruthenium (IV) oxide, anhydrous, >99.95 %, Riedel-de Haën.
Two ranges of grain sizes are chosen to study their influence on electrical properties. Moreover,
the increase of the specific surface area of the conductive phase could favour the reactions (and
a possible dissolution) between the components.
Note that we limit our study on the influence of only one kind of conductive compound. In other
words, the influence of lead ruthenate (Pb2Ru2O6) will be not analysed. This chosen binary
compound will allow to easily detect a possible exchange of lead atoms between the glass and
RuO2. Indeed, if ruthenate phase is produced, it will be easily detected by XRD. This will
simplify the observations of possible interactions.
Figure 21: Example of a non valid measurement
(=dγ/dt)
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III . 2 . 3 . 2 . Characterisation
• Structure
RuO2 has a rutile structure in which ruthenium atoms are in a body-centred cubic (bcc)
configuration and oxygen atoms form octahedra including a ruthenium element in each center.
Figure 22 represents the rutile structure showing RuO6 octahedron with a single unit cell (left
picture), and the right one represents the rutile structure showing many RuO6 octahedra sharing
corners. The view is down the c axis.
Ru-based systems are the most used thick film resistors. These oxides are highly conductive
materials with good stability when fired even at high temperatures in air. It is normally
presumed that they are also stable within the resistors. However, in certain conditions
(depending on Tf, glass composition...), there is extensive evidence of exchange reactions of the
conductive phase and the surrounding glassy matrix during the firing, as previously explained.
• Composition
This compound is 99.95 % pure. No contamination has been detected, and the X-ray
diffractogram (figure 23) shows well-defined sharp peaks, which demonstrate the high degree
of crystallinity of the sample.
Figure 22: Rutile structure of RuO2
Ru atom O atom
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In addition, TG analysis confirmed the anhydrous state of the sample as no weight loss has been
detected.
• Grain size
The 40 nm sample was observed with TEM and shows a dispersion of spherical particles of
~50nm size. The particles size distribution seems to be homogeneous (figure 24).
Figure 23: X-ray diffraction of RuO2 powder (40 nm)
Figure 24: TEM observation of RuO2 powder (40 nm)
RuO2 corresponding theoretical peaks
10 nm
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The observation of the supposed 400 nm particles is less evident. SEM observations show that
the particles are in reality constituted of agglomerates of smaller particles that form a final grain
of 400 nm. These agglomerates can be considered as a single particle. Figure 25 shows the form
of such agglomerates, whose the geometry is very variable and not so well defined as the one
of the 40 nm particles.
From these results, small particles can be considered as 40 nm grains and the bigger
agglomerates as 400 nm grains.
III . 2 . 3 . 3 . Chosen parameters
We chose concentrations of the conductive phase based on literature data. The corresponding
volume fractions of RuO2 vs. glass vary from 0.23 to 0.045. The intermediate concentrations
will be adjusted according to the first electrical results.
This different concentration samples will allow us to study the evolution of the electrical
properties (Rs, GF, TCR), and the electrical behaviour close to the percolation threshold. Our
results will be interpreted in the frame of a model of conduction based on a nonuniversal
tunnelling percolation theory (exposed in chapter IV).
Figure 25: SEM observation of RuO2 clusters (400 nm)
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III . 2 . 4 . Summary of the chosen parameters
The main parameters of each phase composing a piezoresistive paste are summarised in the
following table.
These three phases will be mixed together with appropriate concentrations to form
piezoresistive pastes that will be fired at different temperatures Tf, according to their glassy
matrix. This last step is described in the following section.
III . 3 . Paste manufacturing process
III . 3 . 1 . Manufacturing steps
III . 3 . 1 . 1 . General process
In figure 26, are described the successive steps to manufacture a piezoresistive paste from the
three chosen phases (glass, conductor and organics).
glass phase conductive phase organic phase
nomenclature V2 V6 V8 -- solvent + binder
composition PbO/B2O3/SiO2 + 2%wt Al2O3 RuO2 terpineol + ethylcellu-
lose 300 cps
characteristics
1 to 10 µm
amorphous
40 and 400 nm --
high Tf
~ 700°C
low Tf
~ 600°C
very low Tf
~ 500°C
possible reactions 
with the glass
pseudoplastic behaviour
burnout below 380°C
Table 2: Main parameters of the components of piezoresistive pastes
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Figure 26: Manufacturing process of piezoresistive pastes
At the end of the process, a black smooth viscous paste is obtained and ready to be screen-
printed. It should be stored hermetically to avoid solvent evaporation that could affect viscosity.
weighing of RuO2 
powder
weighing of glass 
powder
blending of the 
powders
weighing of the 
organic phase
addition of 50% wt of the 
powders to the organic 
phase - blending
weighing of the 
dispersant
addition of 50% wt of 
dispersant to the 
mixture - blending
homogenisation in a 
tri-roll mill - 3x10min
addition of terpineol 
if necessary 
adjustment of the 
viscosity
piezoresistive paste 
(unfired)
reiteration: 1x
control of the 
homogeneity of 
the paste
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III . 3 . 1 . 2 . Details of the process
• technical details
-  blending: it is realised by hand with a spatula.
- the powder is integrated into the organic phase in two steps to optimise the homogenisation
and to allow the solvents to wet each particles. 
- dispersant: to avoid agglomerates, a dispersant is added. The used compound is acetylacetone,
CH3COCH2COCH3, >99,9 % - Sigma-Aldrich Chemie GmbH.
- homogenisation: it is carried out with a EXACT three roll mill (figure 27-A), which is
composed of three in-line rolls separated by small adjustable gaps (figure 27-B). 
The rolls rotate in opposite directions at different speeds relative to each other. A take off blade
scrapes the ink off the front roll, and the paste is collected in a chute. This cycle is repeated
several times until the desired dispersion is obtained. In order to limit contamination, the rolls
are in alumina. Care must be taken if the ink contains metal powders which might be converted
into flakes if too high stresses are applied during the roll operation (this is not the case for our
materials).
- adjustment of the viscosity: during the homogenisation, if the paste is too viscous (it should
flow if it is risen up with a spatula), small quantities of terpineol can be added. This
modification does not damage the properties of the pastes.
Figure 27: A three-roll mill and schematic view of the roll action
                 A: a three-roll mill B: roll action
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• phase proportions
The electrical properties depend on the concentration of RuO2 and glass and the rheology
depends on the concentration of the organic phase. The quantitative composition is presented in
table 3.
In addition, 5% wt (vs. the total quantity of powders) of dispersant should be added to avoid
agglomerates.
• firing conditions
In order to avoid carbon residues due to process contamination, specific firing cycles should be
determined for each series of pastes. 
However, all the cycles are similar concerning the zone in which reactions occur in order not to
influence the properties. The modifications will be realised for the range of temperature below
the softening temperature of the glasses.
To eliminate carbon residues, a solution is to impose a dwell temperature near 500°C (carbon
decomposition). However, for this temperature, the glass begins to react, so it is more judicious
to decrease the temperature of the dwell but in a same time to increase its duration. The different
firing cycles corresponding to each kind of glass are depicted in figure 28.
conductive phase glassy matrix organic phase
concentration 
(%wt)
25 to 5 55 to 75 20
(2.6% ethylcellulose + 17.4% terpineol)
Table 3: Quantitative composition of a piezoresistive paste
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Each cycle is realised under a flow of dried air.
The mentioned Tf corresponds to the firing temperatures that vary according to the glass
composition.
For V2 series, Tf is comprised between 620 to 850°C, with an optimum firing at 700°C.
For V6 series, Tf is comprised between 525 to 700°C, with an optimum firing at 600°C.
For V8 series, Tf is comprised between 410 to 650°C, with an optimum firing at 500°C.
The advantage of these three series of pastes is that they cover a large range of temperatures and
that they can be used on different substrates.
III . 3 . 2 . Characterisation
Characterisation of the obtained films is detailed in chapter IV by analysing the influence of
different parameters (firing conditions, conductive phase concentrations,...) on the behaviour of
the pastes.
Figure 28: Cycles of firing of the different series of pastes
V2 series
V6 series
V8 series
450°C,30min
400°C,30min
370°C,30min
10°C/min
10°C/min
10°C/min
20°C/min
20°C/min
20°C/min
Tf=620...850°C, 15min
Tf=525...700°C, 15min
50°C/min
50°C/min
50°C/min
Tf=410...650°C, 15min
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However, we can already verify that the obtained thick films are dense after firing, without
bubbles, and ~ 10 µm thick (see SEM pictures in chapter IV). Moreover, they give coherent
electrical responses that will be presented in chapter IV.
Concerning the study of the phase evolution, any new phase will be easily detected as all the
constituents are known (contrary to commercial pastes) and as there is a single conductive
phase. To illustrate the simple composition of the obtained pastes, figure 29 shows a XRD
spectrum of V6 series piezoresistive paste fired at 700°C.
All the peaks are resolved, and RuO2 and Al2O3 phases are detected. RuO2 corresponds to the
conductive phase whereas Al2O3 peaks come from the alumina substrate on which the film is
screen-printed. The amorphous glass phase is not detectable, and no other contaminations are
observed.
III . 3 . 3 . Conclusion
This part is important, as it allows us to precisely define a manufacturing process for our
piezoresistive pastes, and for other thick film compositions in general. It results in the ability to
realise different series of pastes with different ranges of firing temperatures. This control on
several parameters (glass composition, conductive phase concentration, grain size, firing
temperature...) will allow us to direct precisely our research toward the principle of conduction
in such systems, and the reactions between the elements and their influence / repercussion on
the electrical properties. 
Figure 29: XRD spectrum of an home-made piezoresistive paste fired at 700°C
 paste
experimental
RuO2
Al2O3
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CHAPTER IV:
Electr ical  and s tructural  evolut ion of  new
piezoresis t ive  pastes
The last chapter was dedicated to the manufacture of piezoresistive pastes with different firing
temperatures (for different substrates). At the end of chapter III, our new piezoresistive pastes
were considered as ready to be used, as their physico-chemical properties were determined to
be sufficient to realise thick-film resistors.
From these previous results, we aim to realise different series of pastes by varying different
parameters such as conductive phase grain size, concentration and firing temperature. Structural
and electrical properties will be studied, and a coherent relationship will be found between the
electrical behaviour (conduction process) and the complex nanostructure. In other words, this
key chapter presents the results and their interpretation by a model of conduction based on an
unpublished hypothesis.
After having studied the properties of resistors fired according to the standardised cycles
depicted in figure 28-III, we will dedicate our interest to their process sensitivity to other firing
parameters such as firing time and cooling speed. Furthermore, we will examine the stability of
the resistors during long-term storage at elevated temperature. The results corresponding to the
different glass phases (V2, V6, V8) will be compared and the most stable pastes will be selected
to be integrated in a complete low-firing thick-film system to give a sensor that will be
characterised in chapter V.
(For the properties of the glasses see Table 1, p77.)
IV . 1 . Sample description - experiments
IV . 1 . 1 . Sample description
We have three categories of piezoresistive pastes: V2, V6 and V8 pastes (characterised by their
glassy matrix). For each type, appropriate concentrations of the conductive phase were chosen:
the corresponding volume fractions of RuO2 vs. glass vary from 0.23 to 0.03 for each
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conductive particle size (40 nm and 400 nm). The obtained pastes will be then fired at different
temperatures adapted to the glass compositions.
The volume fraction x of RuO2 is determined as following:
          VR: total volume of RuO2 particles
                                 VG: total volume of the glass
The chosen parameters corresponding to each class of pastes are summarised in table 1.
Note that the choice of the concentrations is not systematic as the intermediate concentrations
were adjusted according to the first results.
The firing schedules are presented in chapter III.3.1.
Used nomenclature for the fired samples:
To simplify the name of the samples, the following notation was adopted:
for instance, a V6-paste with 0.23 volume fraction of 40 nm RuO2 grain size and fired at 600°C
will be called: P0.23-6-40-600C 
with   P: piezoresistive paste
         0.23: volume fraction of RuO2
         6: glass composition (V6)
         40: conductive grain size (40 nm)
         600C: firing temperature (600°C).
From the results, selected samples will be exposed to the same thermal treatments as the
commercial pastes (see chapter II.2.3). Indeed, the samples are subjected to different cooling
rates, and different dwell-firing temperatures. The stability of the electrical and structural
properties will be studied during long-term high temperature storage at 250°C.
The firing parameters and the choice of the samples for the annealing step will be deduced from
the previous results, and will be described in details in section IV.6.
RuO2 
grain size
RuO2 concentration 
(volumic fraction) Firing temperature (°C)
V6-paste
40 nm 0.23 - 0.15 - 0.11 - 0.09 - 0.08 - 0.075 - 0.07-
0.067 - 0.06 - 0.055 - 0.05 - 0.045 - 0.03 from 525 to 700°C, with 25°C steps
400 nm 0.23 - 0.15 - 0.11 -  0.095 - 0.085 - 0.08 -  
0.075 - 0.073 - 0.07 - 0.06 - 0.055 - 0.05 - 0.03
V2-paste
40 nm 0.11 - 0.08 - 0.075 - 0.067 - 0.065 - 0.06 - 
0.055 from 620 to 850°C, with 25°C steps
400 nm 0.11 - 0.09 - 0.08 - 0.075 - 0.071 - 0.07 - 0.067 
- 0.06 - 0.055
V8-paste
40 nm 0.11 - 0.09 - 0.08 - 0.075 - 0.072 - 0.07 - 0.069 
- 0.067 - 0.065 from 410 to 650°C, with 25°C steps
400 nm 0.11 - 0.09 - 0.08 - 0.077 - 0.075 - 0.072 - 0.07 
- 0.065 - 0.06 - 0.055
Table 1: Selected parameters for each category of piezoresistive pastes
x
VR
VR VG+
-------------------=
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This different concentration samples will allow us to study the evolution of the electrical
properties (Rs, GF, TCR), and the electrical behaviour close to the percolation threshold. From
our results, an origin of the conduction mechanism that we will be explained in the following
section will be proposed.
IV . 1 . 2 . Measurements
The same layout as chapter II.2 is used together with the same termination material (ESL 8837
Au). Moreover, the electrical measurements and structural observation techniques are also
identical. For this characterisation step, all the pastes are screen-printed on alumina substrates
in order to obtain comparable results, particularly to have the same sensitivity between each
sample for gauge factor measurements.
IV . 2 . V6-paste category: low firing temperature system
This V6-series is the most characterised and studied of our categories. Its results are the most
representative and will be used to define the conduction mechanism. Different parameters have
been chosen for the study the behaviour of the pastes: the grain size and the concentration of the
conductive particles and the firing temperature.
This section allows us to analyse their influence on the electrical results and principally on the
the resistivity value. Moreover, structural observations are presented to explain the obtained
electrical responses. These first results will allow us to characterise the conduction process.
IV . 2 . 1 . Link between the influence of parameters and the conduction 
mechanism
This section is dedicated to determine the conduction mechanism in such percolative systems.
We will mainly take an interest to the evolution of the resistivity and consequently to the
influence of the volume concentration of RuO2.
IV . 2 . 1 . 1 . Influence of the volume concentration of RuO2
In figure 1, we plot the resistivity as a function of RuO2 volume concentration x for different
values of Tf and for both RuO2 grain diameters (see caption for more details). At low Tf, the
blending curves display a strong enhancement of ρ as x is reduced and asymptotically approach
infinite as x becomes equal to a critical value xc. This behaviour is typical of a percolation
transition according to which ρ versus x can be expressed as a power law equation: 
ρ =  ρ0 (x-xc)-t                    (1)
where  ρ0 is a prefactor and t is the transport critical exponent [1,2].
The value of xc can be then determined by fitting Eq.1, from the different obtained samples.
Before presenting the detailed analysis of our resistivity data in terms of Eq. 1, let us first discuss
the overall behaviour as function of Tf and x.
Electrical and structural evolution of new piezoresistive pastes
98 Sonia VIONNET-MENOT
According to various studies [3-5], it is expected that packing of smaller conducting particles
around much larger glassy grains would reduce xc, since less RuO2 is needed to establish a
percolating path. However, as it is clear from figure 1, the percolation transition of the nominal
400 nm TFRs is not much different from that of the 40 nm samples. This is an indication that
the mean grain size is certainly lower than 400 nm, coherently with the discussion of chapter
III. Upon rising Tf, both series of TFRs display a lowering of the percolation threshold, and for
Tf > 675 °C for the 400 nm TFRs and Tf > 625 °C for the 40 nm TFRs no revealing sign of
percolative divergence is visible for the concentrations used in the present study. 
The phenomenon of the shift of the percolation threshold xc with the firing temperature may
have different explanations. One of these is the chemical interaction between the original RuO2
grains with the glass leading to the formation of a new conducting phase such as Pb2Ru2O6. The
degree of diffusion of such phase inside the glass grows with Tf, leading to a modified
microstructure made of RuO2 grains surrounded by a Tf-dependent halo of Pb2Ru2O6
nanoparticles. This kind of reactions have already been observed in TFRs fabricated with high
firing temperatures [6,7], but it is quite unrealistic that they could take place also in V6-samples,
as the firing temperatures were not high enough to initiate the chemical reaction. 
However, to investigate this possibility, we performed X-ray measurements aimed to detect
possible signatures of the presence of a Pb2Ru2O6 phase.
To this end, we report, in figure 2, our X-ray analysis on a 6.4% of RuO2 volume fraction
resistor at Tf = 600 °C and Tf = 700 °C. In both cases, the signals associated to the RuO2 phase
are clearly discernible (peaks labelled by the letter R), together with the peaks labelled by the
letter S ascribed to the Al2O3 substrate. There is no evidence for the formation of other
Figure 1: Resistivity vs. RuO2 volume concentration x for various thick-films for 
different Tf and for 400nm and 40nm RuO2 grain sizes                                                   
(beware: the curves are manually shifted along the lnρ-axis for clearer results)
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conducting phases such as Pb2Ru2O6, although we cannot exclude from our x-ray
measurements that nano-sized particles of Pb2Ru2O6 around the RuO2 particles could
eventually be present [8]. However, similar x-ray profiles have been obtained also for TFRs
fired at 700 °C for much longer times (1 hour), so we can conclude that there is no evidence for
variation of the conducting phase concentration with Tf.
 
The behaviour is due to microstructural changes, and therefore driven by physical, rather than
chemical, RuO2-glass interaction. For example, the lowering of xc upon rising Tf could be
explained by the fact that the viscosity of the glass decreases with Tf and allows to disperse
homogeneously the nanoparticles of RuO2. This homogeneous dispersion (if we are not in an
extreme situation to avoid reaction with the substrate, as described later) increases the number
of conductive paths. This is a possible interpretation. In fact, according to some authors [9],
rearrangement of the conductive particles can lead to either formation of new chains and a
lowering of the resistivity and of xc or to a break up of some chains and to an increased
resistivity / xc. The observation of the structure modifications will be more detailed in future
sections (IV.2.1.2 and IV.2.3.1.1).
IV . 2 . 1 . 2 . Characterisation of transport percolation: determination of t
In order to investigate in greater detail the percolation properties of the V6-series, we have
fabricated and measured additional samples at relatively low Tf, where the percolating
behaviour is more pronounced (see figure 1). The resulting transport measurements are reported
in figure 3 for both 40 and (nominal) 400 nm cases.
Figure 2: X-ray spectra of V6-sample (6,4% of RuO2) fired at 700 and 600°C-15min
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As shown in the ln-ln plot of figure 3, all series satisfy the power law equation (1). The critical
concentration xc, the prefactor ρ0, and the resistivity exponent t have been determined by a non-
linear curve fitting to Eq. 1. The fitting results are reported in figure 3 and will be summarised
later in table 2 (in section IV.2.2).
The two 40 nm size series have the same value of the transport exponent (t ~ 3.16)
independently of the firing temperature. On the contrary, the 400 nm size series have t ~ 3.8 for
Tf = 600°C and t ~ 2.15 for Tf = 525 °C. This latter value is close to the exponent t0 ~ 2 expected
to be the universal value characterising all three dimensional percolating systems irrespectively
of their microscopic composition [6-11].
As we shall discuss in the following sections, the observation of t values different from t0 ~ 2
indicates that the percolating transport in the V6-system is of nonuniversal type, and it is
qualitatively different from that described by the standard theory of transport percolation.
Before speculating on the origin of the non-universality, it is interesting to discuss the relation
between the exponent t and the microstructure of our samples as determined by SEM analysis.
We chose some representative samples knowing that there is no difference for the 40 nm size
series, whatever Tf, contrary to 400 nm series, for which Tf could be an influencing parameter
on the behaviour of the transport (see comment on figure 4).
Concerning the chosen volume concentration x, we selected x = 0.08 as it seems to be an optimal
value: it is a good compromise to avoid the perturbations due to extreme concentrations (too
high values of resistivity...).
Figure 3: ln-ln plot of the resistivity as a function of RuO2 volume concentration - The 
dashed line with the slope t=2 corresponds to universal behaviour of transport
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If we observe by SEM the surface of two series of V6-paste with RuO2 volume fraction x = 0.08,
with the firing temperature Tf is 525°C and 600°C for the 400 nm grain size paste (figures 4-
1(a) and 4-1(b), respectively), while Tf = 550°C and 600°C for the 40 nm grains size series
(figures 4-2(a) and 4-2(b), respectively), it appears that universal behaviour (t ~ 2) is found for
more clustered samples (figure 4-1a) while the nonuniversal behaviour ( ) is observed when
the conducting phase is more dispersed in the glass (figure 4-1b). 
In the images, dark areas indicate highly conducting regions rich of RuO2 clusters, while the
white zones are instead made of insulating glass (which tends to charge up in the SEM). The
grey regions surrounding the RuO2 clusters indicate that some conduction is present, although
much lower than the dark areas, which we ascribe to finer RuO2 particles dispersed in the glass
[12]. At the length scale shown in the figures, the conducting and insulating phases are not
dispersed homogeneously, with the RuO2 clusters segregated between large glassy regions of
few micrometers in size. This segregation effect in TFRs is well known and it is due to the large
difference in size between the fine conducting particles and the much coarser glassy grains
employed in the preparation of the resistors [13]. The segregated structure explains also the
quite low values of xc reported in figure 3.
Concerning the effect of the firing temperature, it is interesting to note that, for the 40 nm size
series, there is not much qualitative difference in the microstructure between 550 and 600°C,
while, for the 400 nm series, it appears that the conducting phase is more clustered at low firing
temperature than at high Tf, where the appearance of grey regions indicate larger RuO2
Figure 4: SEM observation of the surface of a V6-paste (x=0.08) for different grain sizes 
and different Tf
t 2≠
 1- 400nm grain size, fired at 525°C (a) and 600°C (b) 2- 40nm grain size, fired at 550°C (a) and 600°C (b)
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dispersion in the glass. (Note that the observed phenomenon of charging-up can distort slightly
the observation by masking some conducting areas.)
There seems to be therefore a correlation between (non) universality and microstructure: the
more dispersed microstructure is found only in the nonuniversal (t > 2) samples. This
interpretation is coherent with the nonuniversality of 40 nm series, which indeed displays a large
amount of RuO2 dispersion evidenced by the grey regions in figures 4-2a and b. The
microstructure has therefore a primary role for the onset of nonuniversality.
IV . 2 . 1 . 3 . Limits of the universality of the transport
The appearance of nonuniversal values of t (>2) is not surprising as it has already been
experimentally observed in several materials. This is illustrated on figure 5 where we have
collected about 100 different values of the critical exponent t and the critical threshold xc
measured in various composites including carbon-black-polymer systems [7,14-33], oxide-
based thick film resistors (TFRs) [3,4,13,34-42], and other metal-inorganic and -organic
insulator composites [33,43-52].
It is clear that, despite that many of the t-values reported in figure 3 are close to t0 ~ 2.0, almost
50 % of the measured critical exponents deviate significantly from universality by displaying
.
Examining all the data reported in this figure, one observes that the lack of universality is not
limited to a particular class of materials, although the granular metals have somewhat less
spread values of t compared to the carbon-black and TFRs composites. Another important
Figure 5: Collection of critical exponent values t and corresponding critical threshold 
concentration xc for various disordered conductor-insulator composites                          
(The dashed line denotes the universal value t0=2.0)
t0=
t t0≠
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observation is that for the vast majority of the cases, the nonuniversal critical exponent is larger
than t0, and only few data display t < t0. Finally, there is no clear correlation between t and the
critical concentration value xc. 
With the accumulation of experimental reports of nonuniversality, various theories have been
proposed in order to find an origin to this phenomenon [16,53–56]. These theories are reviewed
in the following sections.
IV . 2 . 1 . 4 . Models of conduction in percolative systems
The electrical behaviour as function of the structure will be interpreted in the frame of a model
of conduction based on a nonuniversal tunnelling percolation theory. Before presenting our
original proposition, it would be useful to examine the different models of conduction proposed
for percolative systems in the literature. The origin of these models rests on the universality or
nonuniversality theories [53-56].
IV . 2 . 1 . 4 . 1 . Random-resistor network models of transport universality
Let us consider a system with conductive particles dispersed randomly in an insulating matrix.
The theoretical description of this situation is based on random-resistor networks (RRN) models
where the particles occupy random positions on a regular lattice (see figure 6). Two
neighbouring particles are electrically connected if there is a bond between them. If the bond is
absent, the conductance g between the particles is zero.
Hypothesis: The conductance and the distance between the electrical bound particles are
constant.
In general, the local conductance g between two particles can be expressed as following:
                           (with    if  , R: resistance)
                      (if   ,  g increases as  )
Figure 6: Illustration of a percolative system
 
electrode
s 
Conductive particles 
Electrical bond 
g 1 R⁄= g 0→ R ∞→
g σloc S l⁄⋅= l 0→ R 0→
Electrical and structural evolution of new piezoresistive pastes
104 Sonia VIONNET-MENOT
with σloc : local conductivity between two particles,  l : distance between two particles, and S:
the cross section.
The mathematical representation of such RRN is the following one: 
p: the probability that the conductance  between two neighbouring particles.
(1-p): the probability that g = 0.
If the electrical bonds and their conductances are uniform (figure 7.a), and according to the
percolation theory in RRN, the theoretical bulk conductivity Σ follows the power law equation,
in the vicinity of pc (the critical probability for percolation) [57]:
 ,                                                       (2)
where Σ0 is a prefactor. Close to the percolation threshold, t is universal (t = t0 ~ 2), for all three
dimensional lattices. This situation holds true also if the values of g change from bond to bond
and have a distribution function centred about some mean value g0 (see figure 7.b, for example).
Hence, contrary to pc which depends on microscopic details (microstructure, topology), t is
expected to be independent of microscopic details and an external perturbation like an applied
strain would have no effect. For this reason it is said to be universal [1,2].
.
Figure 7: Representation of the power law equation, in case of universal transport
g 0≠
Σ Σ0 p pc–( )t⋅=
(a)
N: the number of bonds with a given value of g
: (b)
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In real systems, Eq. 2 is translated into:
                                                                                   (3)
where, σbulk is the bulk conductivity of the composite with a x volume fraction of conducting
phase. σ0 is a constant, xc is the critical concentration below which the composite has a zero
conductivity, and t is the critical exponent. In terms of resistivity, Eq.3 corresponds to the Eq.1,
with ρ = 1/ σ and ρo = 1/σo .
IV . 2 . 1 . 4 . 2 . Models of nonuniversality
As discussed above, transport universality is found as long as the distribution function of bond
conductances is well behaved and is characterised by a mean value and (weak) fluctuations
about it, as in figure 7.b. In this case, close to the bond percolation threshold pc, the theoretical
conductivity Σ of the network behaves as Eq. 2, with t = t0 ~ 2.
As first noticed by Kogut and Straley [53], universality can break down if the distribution
function h(g) of bond conductivities diverges for . In particular, if h(g) has a power law
divergence for small g (figure 8) of the form:
 , where  [53],
then, universality is lost for sufficiently large values of the exponent α [53]. For lattices of
dimension D, the resulting conductivity critical exponent is [5,8,12]:
                                          if                         (4)
or 
              if                         (5)
where  t0 ~ 2 is the universal value, and ω is the correlation-length exponent (ω = 4/3 for D = 2,
and ω ~ 0.88 for D = 3).
For D = 3 and by using t0 ~2 and ω ~ 0.88, the value of α beyond which universality is lost is:
αc = 1 - 1 / (t0-ω) ~ 0.107.
σbulk σ0 x xc–( )
t
⋅∼
g 0→
h g( )
g 0→
lim g α–∝ α 1<
t t0= D 2–( ) ω
1
1 α–
------------+⋅ t0<
t D 2–( ) ω 11 α–------------+⋅= D 2–( ) ω
1
1 α–
------------+⋅ t0>
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The physical origin of the parameter α has been investigated by various authors. In the
following, we review two important models, which have been proposed to apply to various
kinds of percolating systems.
• Random Void Model (RVM)
In this model, current flows through a conducting medium embedding insulating randomly
placed spheres [54] (figure 9).
When mapped into a RRN, it is found that the conductance g of the conductive path between
two glass particles depends on the conductive channel width δ between them, with g ~ δ3/2,
which leads to a distribution function h(g) of the form h(g) ~ g(-α), where  α =1/3 [54]. Hence,
in this case, α > αc  (αc = 0.107 for 3 dimensional systems), and according to Eq.5, t is non
universal with t ~ 2.4 > t0.
Figure 8: Mathematical representation in case of nonuniversality
Figure 9: Random void model representation
:
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The RVM applies principally to composite where the linear size of the conducting particles is
much smaller than that of the insulating grains so that the conducting phase can be approximated
by a continuum. In other terms, there are small insulating particles in an electrical continuum.
If we consider the structure in the range of macroscopic scale, the TFR structure can be
represented by a RVM (figure 10-a). On the opposite, in the case of microscopic scale, this
model is not representative (figure 10-b) as we should consider conductive particles in an
insulating matrix (the phases are inverted).
• Tunnelling percolation model (or inverted random void model)
This model of transport nonuniversality is based on an inverted random void model in which
current flows by a tunnelling process between conducting spheres immersed in an insulating
medium (figure 11) [55].
This model can be applied to composites in which intergrain tunnelling is the main microscopic
mechanism of transport (carbon-black-polymer composites or oxide-based TFRs).
Figure 10: Correlation between the RVM model and the structure
Figure 11: Balberg model representation
    a. Macroscopic scale                   b. Microscopic scale
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For this case, it has been found that h(g) is proportional to g(-α), if . More exactly, it
follows the expression [55]:
                                            (6a)
But, with  α = 1- (ξ / 2) / (a - Φ)                            (6b)
(contrary to the random void model where α = 1/3), a is the  distance between two neighbouring
particles, Φ is the diameter of the particles, ξ is tunnelling factor and g0 is constant. To clarify
the expression of α, figure 12 shows the corresponding a and Φ parameters:
Contrary to the other mentioned model, the tunnelling-percolation model of Balberg predicts
that the critical exponent t acquires an explicit dependence on a microscopic variable (the mean-
tunnelling distance a), which can be altered by a suitable external perturbation. 
So, if transport nonuniversality is driven by tunnelling, it would be possible to change the value
of t by applying a pressure or a strain to the composite. Conversely, when a material belongs to
some universality class, its exponent is expected to be independent of microscopic details and
an applied strain would have no effect.
The nonuniversality is not driven by geometrical factors as in the random void model, but rather
than by physical parameters such as ξ and a. These can be different depending on the composite
and can be modified by a suitable external perturbation. In fact, in the case of an applied
pressure or strain, the mean tunnelling distance (a-Φ) would change leading to a modification
of the critical exponent t. The detection of such an effect would be a direct signature of a
tunnelling-percolation-like mechanism of transport nonuniversality.
Comment: The two models could coexist together if the continuum phase of a random void
system is made of non-sintered conducting particles interacting through tunnelling processes.
In this situation, the different proposed theories could account for the variety of nonuniversal
exponents shown in figure 5.
IV . 2 . 1 . 5 . Consequences of the tunnelling-percolation model:  piezoresistivity
As noted in the previous section, the tunnelling-percolation theory [55] predicts an explicit
mean tunnelling distance dependence of the transport exponent t (see Eqs. 5 and 6b). On the
Figure 12: Representation of the a and Φ parameters used in the expression of α for two 
conductive particles under strain
g 0→
h g( ) 1 α–
g0
------------
g
g0
----⎝ ⎠⎛ ⎞
α–
=
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contrary, the random void model gives a value of t different from t0 ~ 2 but nevertheless
independent of the microscopic parameters. Hence, one could decide which of these two models
explains the measured nonuniversal values of t in the V6-series by applying a strain to the
composite. A nonzero variation of t due to the applied strain would unequivocally indicate that
transport in these systems is of tunnelling-percolation type.
Let us see in more details what the tunnelling-percolation model would imply in terms of the
piezoresistive response.
The piezoresistive factor Γ is defined by the following equation:
              Γ = dln(ρ)/dε       (ρ : resistivity and  ε: applied strain)              (7)
where, ρ =  ρ0 (x-xc)-t  is the resistivity of the system. By taking the logarithm of both sides, one
has:  ln(ρ) = ln(ρ0) - t ln(x-xc). So, by applying Eq. 7, it is found that 
            Γ = dln(ρ)/dε = Γ0 - dt/dε  ln(x-xc)                                               (8)
with     .
In obtaining Eq. 8, we have implicitly supposed that xc does not depend on the applied strains.
We will come back to this point later (in the end of section IV.2.2).
Now, it is clear that if t depends on the mean tunnelling distance a, then the applied strain would
modify a (  ) and dt/dε would be different from zero. As a consequence, Eq. 8
predicts a logarithmic divergence of Γ at x=xc. More precisely, by combining Eq. 8 with Eqs.
(4,5) and Eq. 6b, the tunnelling-percolation mechanism of nonuniversality gives:
      Γ = Γ0                             if t = t0 ~ 2                                                  (9a)
or  Γ =  Γ0 - dt/dε . ln(x-xc)   if t > t0                                                        (9b)
where, according to Eqs. 5 and 6b:
.                                                                             (10)
In the following section, we analyse the possibility that the piezoresistive response in our V6-
system follows Eqs. 9 by performing gauge factor measurements.
IV . 2 . 2 . Determination of GF - Measurements
We will use the same series of samples used in figure 3, that show universal and nonuniversal
behaviours. The GF measurements were realised with the same technique (cantilever beam)
described in chapter II.2. We determined the piezoresistive response by recording ∆ρ/ρ vs. ε.
Indeed, remember that the piezoresistive factor Γ can be expressed as:
 (see chap I.3.2.1, for a detailed definition)
Figure 13 shows the corresponding results for representative samples (400 nm size series,
Tf = 600 °C). Note that the substrate tensile strain ε > 0 along the main cantilever axis were
induced by applying different known weights on the free end of the cantilever (the cantilever
Γ0
d ρ0ln
dε
--------------=
a a 1 ε+( )→
dt
dε
-----
1
1 α–
------------
a Φ–
ξ 2⁄------------= =
Γ ∆ρρ ε⋅---------=
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bar is clamped at the opposite end). Compressive strains (ε < 0) were obtained by weights
applied in the opposite face of the cantilever. In the whole range of applied strains (up to about
), ∆ρ/ρ changed linearly and symmetrically with ε, indicating the absence of
false strain responses due to elastic faults of the resistive films [58]. Moreover, no cracks have
been detected with SEM observations.
As the RuO2 concentration x decreases, the resistivity change (∆ρ/ρ) increases. We can already
mention that high concentrations will be less interesting as the amplitude of the signal is weaker
because of the high conductivity of the corresponding samples. Note that the transport exponent
for the 400 nm (600°C) series is t = 3.84, that is much larger than t0 = 2. Hence the enhancement
of the slope of ∆ρ/ρ as x decreases could well be one signature of a divergence of Γ as .
From figure 13, we can determine Γ for each concentration as it corresponds to the slope of each
straight line. The results are reported in figure 14, where Γ is plotted as a function of x for both
400 nm and 40 nm series.
Figure 13: Resistivity variation of the 400 nm series (600°C) as a function of strain and 
for different RuO2 volume concentrations
ε 4 5 10 4–×,=
x xc→
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With the exception of the 400nm-525°C sample which displays an almost constant
piezoresistive response, the other series clearly diverge at the same critical concentration xc at
which the conductivity goes to zero. According to the tunnelling-percolation theory, Γ should
follow one of the two 2 cases (see section IV.2.1.5):
          Γ =  Γ0                                        if t = t0
or      Γ =  Γ0 - dt/dε . ln(x-xc)               if t > t0
The last case predicts a logarithmic divergence at the percolation threshold (x = xc) when the
exponent t is nonuniversal. 
Then, if dt/dε is nonzero, we expect a logarithmic divergence of Γ at x = xc. A representation of
this idea is shown in figure 15 where Γ−Γ0 is plotted as a function of ln(x-xc) with xc values
extracted from the conductivity data. In the entire range of concentrations, and for all the series
Γ is rather well fitted by the previous mentioned expression.
Figure 14: Piezoresistive factor plotted as a function of RuO2 volume concentration x
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The 400nm-525°C series, which has exponent t = 2.15 ± 0.06 close to the universal value, has
no x dependence of Γ (dt/dε = 0), while the other series, characterised by nonuniversal
exponents, display a logarithmic divergence of Γ as , as their slope is nonzero. This is in
agreement with the expectations of the tunnelling-percolation theory.
The different obtained parameters are summarised on table 2:
Note however that in RuO2-based TFRs the large difference between the bulk moduli of RuO2
(~ 270 GPa) and of the glass (~ 40-80 GPa) leads to local strain variations so that the dt/dε
values of 40 nm series and 400nm-600°C series in table 2 are not simply equal to 1/(1-α)
(Eq.10) but incorporate also the effect of the strain heterogeneity [59]. The tunnelling-
Figure 15: Γ-Γo as function of ln(x-xc)                                                                                           
Solide lines correspond to the fits to the previous equation
RuO2 
grain size
Tf xc ln(σ0 [ohm.m]) t Γ0 dt/dε
400 nm 525 °C 0.0745 11.1 +/- 0.3 2.15 +/- 0.06 16.5 +/- 4.5 -0.6 +/- 1.2
400 nm 600 °C 0.0670 14.2 +/- 0.2 3.84 +/- 0.06 -26.4 +/- 4.8 16.2 +/- 1.5
40 nm 550 °C 0.0626 14.3 +/- 0.5 3.17 +/- 0.16 -45.9 +/- 9.0 26.1 +/- 2.7
40 nm 600 °C 0.0525 13.7 +/- 0.7 3.15 +/- 0.17 -57.9 +/- 7.2 33.0 +/- 2.1
Table 2: Determined parameters for representative samples
Γo α -dt/dε
x xc→
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percolation picture is able to explain also the change of sign of Γ0 which from positive for the
universal series becomes negative for the nonuniversal ones (see inset of figure 15). In fact an
effective medium calculation [61] with the tunnelling-percolation distribution function h(g)
(Eqs.6) leads to Γ0>0 when t = t0 and Γ0<0 when t > t0 [60], in agreement with the experimental
results (see table 2).
The fit of our piezoresistive data provides a good agreement with the tunnelling-percolation
model. However, a divergent piezoresistive response has been claimed be due to a ε
dependence of x rather than to a ε dependence of the transport exponent t [4].
To verify this hypothesis, we decided to fit the results according to the extreme cases. Let us
first assume, contrary to our hypothesis, that the change of (x-xc) is dominant, e.g. t remains
essentially constant:
We will show that this does not match our results well.
For the particular case of RuO2-based TFRs, one finds that for small values of the RuO2
concentrations x:
dx / dε  ~ -Ax   [4,22,60],
where A is function of the bulk moduli of the glass and the RuO2 particles. A is zero if the bulk
moduli of each phases are identical, engendering that dx/dε is null. In our case, the bulk modulus
of RuO2 ~ 270 GPa, whereas the one of the glass ~ 40 - 80 GPa.
We obtain then:
                              (11)
with K1 = Γ0 + At and K2 = Atxc.
In figure 16, we have plotted the Γ values as a function of 1 / (x-xc) with the same critical
concentrations of xc extracted from the resistivity data on figure 3.
Γ Γ0
t d x xc–( )ln⋅
dε
-------------------------------- Γ0 t
dx
dε
-----
1
x xc–
------------⋅⋅–=–=
Γ Γ0 At
x
x xc–
------------ K1
K2
x xc–
------------+=+=
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According to Eq. 11, Γ should follow a straight line as a function of 1/ (x-xc) which, although
being rather correct for the 400nm-600°C series, is manifestly not true for the other samples. In
addition, the 400nm-525°C series remains almost constant, implying that A=0 for this case,
contrary to the premises of Ref. 4. In addition to the bad fit with our data, the reasoning of Ref.4
is based on a misunderstanding of the actual physical meaning of x appearing in Eq. 1. In fact,
x should be considered just as an operative estimate of the probability (concentration) p of
intergrain junctions with finite resistances present in the sample [1,2]. Current can flow from
one end to another of the composite as long as a macroscopic cluster of junctions spans the
entire sample. Instead of x, an equally valid variable describing the intergrain junction
probability p would have been the concentration in weight of RuO2, which is manifestly
independent of applied strain (and of the elastic properties of the material), in our resistor
material. 
The reasoning of Refs. 22 and 4 is therefore nonconsistent with the physics of percolation.
However, one could tentatively argue that the applied strain actually changes the concentration
p of junctions by breaking some of the bonds. This situation could be parameterised by allowing
a p dependence of x so that dx/dε ~ (dx/dp)(dp/dε). Also in this case however, one would end
with a 1/ (x-xc) divergence of Γ which we have seen to lead to poor fits for our data (figure 16).
In addition, the values of the applied strains in our measurements are so small (ε ~ 10-4) that
their effect is that of changing the value of the tunnelling junction resistances without affecting
their concentration p, so that one realistically expects that dp/dε=0. This is confirmed by the
results of figure 13 which show no deviation from linearity for the entire range of ε values.
In conclusion, we have observed a divergence at xc of the piezoresistive factor Γ for the samples
displaying nonuniversal values of the transport exponent t. We have verified that the divergence
is of logarithmic form and is rather well fitted by Eqs. 9, which implies a ε dependence of t. This
Figure 16: Piezoresistive factor Γ plotted as a function of 1/(x-xc)                                       
with  tentative   fits   to  Eq. 7  (solid lines)                                                                                                                                 
(The data related to different series have been shifted vertically by +30 for clarity.)
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finding is in full agreement with the tunnelling-percolation model of Ref.55, according to which
transport nonuniversality is driven by strong fluctuations of the intergrain tunneling distances.
After having validated our hypothesis based on the tunnelling-percolation model,
complementary studies were carried out to characterise the V6-paste.
IV . 2 . 3 . Complementary studies: R and TCR evolution
After having elucidated the conduction mechanism, it would be interesting to study the
influence of different parameters (Tf, grain size...) on the electrical properties. These additional
observations could, in one hand, give further interpretation of the conduction process, but in the
other hand, characterise our V6-based system to compare it to commercial pastes.
IV . 2 . 3 . 1 . Evolution of R
IV . 2 . 3 . 1 . 1 . Influence of the firing temperature
In figure 17, we show the room temperature resistivity ρ as a function of Tf for the 400 nm (a)
and 40 nm (b) cases and for several values of x. Independently of the RuO2 grain size, ρ depends
only weakly on Tf for large RuO2 concentrations, while for lower values of x a maximum is
discernible at firing temperatures not much larger than the melting temperature of the glass. In
this region, the position of the maximum shifts at lower Tf values as the concentration x is
lowered. For even lower values of x, the resistivity exceeds the maximum measurable value
(about 103 Ohm . m) for Tf < 600°C. This behaviour and in particular the presence of a maximum
of ρ has already been reported by other authors [12], and it is probably due to enhanced
intergrain tunnelling distances driven by penetration of the glassy phase between the RuO2
grains.
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Moreover, the resistivity is less dependent of the grain size. For a same concentration of RuO2,
the 400 nm size has an higher value of ρ than 40 nm. It is predictable as the specific surface area
is larger for smaller particles and favours the flow of the current through the paste [5]. Indeed,
as explained in section IV.2.1.1, the increase of the specific surface of the conductive grains
favours conductive chains, what can be explained by geometric considerations.
Moreover, although the influence of the grain size and Tf has already been observed by SEM
surface observations (see figure 4), the influence of Tf can be emphasised by a cross section
observation of the same paste (figure 18). In the same way, we can observe on a cross section
of a 400 nm size series fired at 500 and 700°C (x=0.11). 
Warning: the white particles correspond to the RuO2 grains whereas the grey phase represents
the glass, contrary to the previous figure. This inversion of colours is due to a phenomenon of
charge in the case of insulating matrix. In fact, the most representative figures correspond to the
one of figure 18. In this case, the phenomenon of charge is reduced by a carbon coating of the
surface which allows to the emitted electrons to be drained out and don’t disturb the
observations.
Figure 17: Resistivity values as a function of the firing temperature Tf for 400nm (a) and 
40nm (b) RuO2 grain sizes and for different values of the RuO2 volume concentration x
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As in figure 4, these images show that for low Tf, the RuO2 particles seem to be more clustered
than for 700°C. For high Tf, the glass wets the particles and separates them by progressively
dispersing the clusters.
However, if we observe in details the fired paste (700°C), we can see that the dispersion is not
homogeneous. Figure 19 show that the thick film resistor can react with the substrate at high
temperature.
At 700°C, because of its low viscosity, the glass can react with the glassy phase of the alumina
substrate and penetrate around the grains, which causes a surface desegregation of the alumina
as observed in figure 20. The glass probably reacts also with the alumina grains themselves,
leading to an enrichment in aluminium of the glass close to the substrate. This modification of
the bottom layer (called by some authors the «dead layer» [62]) generates a thin area (1 µm)
where no RuO2 particle is detected and that is presumed to be rich in Al2O3. This phenomenon
Figure 18: SEM of a cross section of a 400 nm grain size series at 525°C and 700°C       
(the substrate is on the bottom)
Figure 19: SEM of a cross section for low and high Tf : reaction with the substrate        
(the substrate is on the bottom)
Tf = 525°C Tf = 700°C
Tf = 525°C Tf = 700°C
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has already been mentioned by several authors in the case of overfired systems [63] and refers
to a probable dissolution of the alumina substrate into glass [64].
It has been demonstrated that this modification can disturb the electrical behaviour, particularly
for samples whose glass composition is poor in alumina [64].
This additional complementary observation to the one on figure 4, emphasise the fact that, the
lowering of xc (figure 1) could be due to a microstructural changes driven by physical, rather
than chemical, RuO2-glass interactions. For example, prior to the firing cycles, the RuO2 grains
are in form of clusters dispersed among the glassy grains. From the electron transport point of
view, each cluster is an effective large particle whose size depends on several factors such as
the quantity and nature of the organic dispersant, the mixing procedure, etc.. During firing, the
glassy grains start to soften and eventually they wet the RuO2 clusters, starting to penetrate
inside the clusters and to separate the original particles. At sufficiently high firing temperatures
(and depending on the firing time) the initial clusters are completely broken up in the glass. In
this situation, the percolation threshold is given by the small RuO2 particles rather than by the
large RuO2 clusters, and it can be considerably lower than that at the first stage of firing. This
mechanism could qualitatively explain the gradual lowering of xc increasing with Tf shown in
figure 1, although it is not excluded that, at very high firing temperatures, the glass viscosity is
so low that the heavier RuO2 particles may fall towards the bottom of the TFR (or the inverse
case if the glass reacts with the substrate), leading to a non-homogeneous distribution of the
phases. In this case, the effective RuO2 concentration at the bottom is not the same than at the
top of the sample, and xc appears to be effectively lowered [65]. This latter possibility could be
verified by SEM observations of the vertical cross-section of the samples. Whereas the
phenomenon of reaction with the substrate is presented in figure 20, we were not able to obtain
clear SEM images in the case of sedimentation of RuO2, that could be favoured as the
conductive phase is denser (d ~7) than the glass (d ~ 5).
IV . 2 . 3 . 1 . 2 . Influence of the dwell-time of firing
Figure 20 shows the dependence of the firing dwell time on the resistivity value. Increasing time
of firing causes a decrease of resistivity. This can be explained by the fact that the increase of
time favours the kinetics of reactions [63].
Moreover, the variation between 15 minutes and 1 hour seems to be more important for 40 nm
grain size, as the specific area is more important.
These observations can be extended to all the samples and can be compared to the behaviour of
the commercial piezoresistive pastes studied in chapter II.
However, no new phase (like lead-ruthenate) was detected by X-ray analysis. We can presume
that the generated new phase might be too small to be detected. In fact, the absence of new phase
is in accordance with the phase diagram of Adachi and Kuno (figure 24) that shows the stability
of the RuO2 phase. In this case, the evolution of the values vs. the firing time could be due to
microstructural effects like modification of the surface of the particles or local dissolution
phenomenon.
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Note that the ln-values superior to 5.5 correspond to values of resistances too large to be
measured with our apparatus (noted  on the graph). 
IV . 2 . 3 . 2 . Evolution of TCR
At this stage of the study, the evolution of TCR is less important than R and GF behaviour.
However, we pay attention to the influence of Tf and the concentration of RuO2 on the behaviour
of TCR in order to characterise the obtained pastes for future applications (figure 21).
Figure 20: Influence of the dwell-firing time on the resistivity value for V6-samples fired 
at 600°C
∞∞∞
∞
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TCR values stay stable whatever Tf, although it is less obvious with 400 nm grain size. In this
case, we observe a minimum around 600°C that is stronger for low concentrations.
For 40 and 400 nm size, TCR values are high for high RuO2 concentrations. This is coherent
with the resistivity behaviour, as to a high resistivity (low concentration) corresponds a low
TCR value [5].
Moreover, for a same resistivity value, TCRs corresponding to 40 nm grain size are higher than
TCRs of 400 nm grain size, as referred in the literature [5]. This phenomenon is represented in
figure 22, in which the corresponding TCRs of 40 and 400 nm grain size for three representative
firing temperatures are plotted. (Note that the same behaviour will be observed for the other
series of glass). This difference of TCR shows that the 40 and 400nm-resistors can be
considered as two different materials, which shows the influence of the grain size on the TCR
values.
Figure 21: TCR evolution of V6-series for 400 nm (A) and 40 nm (B) grain size pastes
A: TCR evolution for 400 nm grain size
B: TCR evolution for 40 nm grain size
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From these observations, we can assume that this V6-series covers a large range of TCR values
and it supposes that it could be used for different applications.
IV . 2 . 4 . Conclusion
The V6-paste series can be considered as our reference concerning piezoresistive pastes realised
in our lab. This section allowed us to characterised them and to validate our hypothesis.
On the one hand, we showed the influence of different parameters (Tf, grain size, concentration,
dwell time) on the main electrical properties (R, TCR and GF). Structural analysis gave a
possible interpretation of the results. At the end of this part a percolative mechanism for this
kind of systems was emphasised.
On the other hand, we aim to validate our hypothesis by studying the GF behaviour.
We took an interest to conductivity and piezoresistivity measurements in disordered RuO2-glass
composites close to the percolation threshold. We have found that the fabricated samples
display both universal and nonuniversal behaviour of transport. The corresponding
piezoresistive responses changed dramatically depending on whether the composites were
universal or not. For the composites with t ~ 2, the piezoresistive factor Γ showed no
dependence upon the RuO2 volume fraction x, whereas the nonuniversal composites displayed
a logarithmic divergence of Γ near the percolation threshold. We have interpreted the
piezoresistivity results as being due to a strain dependence of the conductivity exponent when
this was nonuniversal. 
As discussed, a logarithmic divergence of Γ was found to be fully consistent with the tunnelling-
percolation model of nonuniversality proposed by Balberg a few years ago. According to this
theory, when the tunnelling distance between adjacent conducting grains has sufficiently strong
fluctuations, the exponent t acquires a dependence upon the mean tunnelling distance a. An
applied strain could so disturb the piezoresistive response and engender a variation of t.
Figure 22: TCR evolution vs. lnρ for the V6-series for different firing temperatures
Electrical and structural evolution of new piezoresistive pastes
122 Sonia VIONNET-MENOT
In view of such agreement between theory and experiments, we conclude that the origin of
nonuniversality in RuO2-glass composites is most probably due to a tunneling-percolation
mechanism of nonuniversality. 
We have brought forth a microscopic formulation to the phenomenological level proposed by
Balberg, and we can now assert that TFRs are nonuniversal compounds showing transport
exponent t larger than the universal limit value t = 2.0. This exponent t depends on strain and
leads to a logarithmic divergence of the gauge factor.
The possibility of influencing t by external means (e. g. strain) has never been studied so far. 
We have proposed a new way to investigate percolative systems by studying the behaviour of
piezoresistive pastes.
IV . 3 . V2-paste category: high firing temperature system
The same experiments and measurements as the previous series are carried out.
For this case, the interpretation of the results is more ambiguous. These series of V2-paste
characterised by its higher firing temperature differs from the V6-series as its percolative
behaviour is not so well defined.
IV . 3 . 1 . Electrical behaviour: influence of parameters
IV . 3 . 1 . 1 . Influence of the firing temperature
Figure 23 shows the variation of the resistivity as function of Tf for different volume
concentrations of the RuO2 for 400 nm and 40 nm.
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The behaviour of this V2-paste appears to be different from the V6-series, as no maximum is
discernible at optimal temperature (here ~ 700°C). In fact, it behaves more like small
concentration of V6-series. Indeed, whatever the concentration is, the resistivity value increases
when Tf decreases. This phenomenon is less marked with high concentration (x = 0.11).
The increase of the resistivity occurs for Tf < 750°C for 400 nm grain size and for Tf < 700 °C
for 40 nm. It could be explained by the fact below these firing temperatures, the glass does not
wet all the conductive particles and this creates an inhomogeneous system for low temperatures. 
SEM images (figure 24) illustrate the homogenisation of the structure with the increase of Tf.
Figure 23: Resistivity evolution in function of Tf for 400nm and 40nm RuO2 grain size 
and for different volume concentrations of RuO2
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At low temperature (640 °C) RuO2 particles seem more clustered. We can discern some charged
up glass areas. On the opposite, at 800°C, the paste seems more homogeneous and the insulating
zones decrease significantly. From the both images, it is easy to imagine that the resistivity
could be lower for high firing temperatures.
Moreover, the decrease of resistivity with Tf could be due to the apparition of a new conductive
phase (such as lead ruthenate). But, we did not detect new phase by X-ray analysis. In spite of
the high temperature, no ruthenate apparition is favoured. This was predictable if we consider
the diagram of stability from Adachi and Kuno (figure 25), which shows the stability of the
conductive phase in function of the glass composition for Tf ~ 850°C.
Figure 24: SEM observations of the surface of a V2-paste (x=0.11, 400nm) fired at 640°C 
(left) and 800°C (right)
Tf = 640 °C Tf = 800 °C
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Adachi and Kuno [66,67] showed that in glasses poor in PbO, the ruthenate phase disappears
and RuO2 is formed (region I) while for PbO-rich glasses, the RuO2 reacts with the PbO from
the glass and forms Pb2Ru2O6+y (with y~0, see chapter I.3.1) (region III), as presented in figure
24. Between these two regions (region II), they did not see a significant evolution of the RuO2
to ruthenate ratio, presumably because the driving force for this evolution was too low.
If we plot our glass compositions (V6, V2 and V8), we can see that V2 and V6 glasses are in
the region where the RuO2 phase is stable, this explains then why no new phase is detected. And
V8 lies more or less on the boundary between the RuO2 and ruthenate fields.
IV . 3 . 1 . 2 . Influence of the volume concentration of RuO2 - Determination of 
the nature of the transport
In figure 26, we plot the resistivity as a function of RuO2 volume concentration x for different
values of Tf and for both RuO2 grain diameters (see caption for more details).
Figure 25: Stability of the conductive phase in the PbO-B2O3-SiO2 system (850°C) [66]
            mol percent
I: Pb2Ru2O6+y --> RuO2
II: No change
III: RuO2 --> Pb2Ru2O6+y
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The situation seems less clear than the V6-series, as the percolation threshold is not observed
for the most of the cases.
For the 400 nm case, the percolation transition is quite clear for Tf < 700 °C while it disappears
for higher values of Tf. But, for the 40 nm series, the situation is even more peculiar since no
clear signal of a percolation transition is visible at any value of the firing temperature.
For 40 nm case, it appears that the chosen concentrations are not close enough to xc.
For the 400 nm series, we can discern a percolative behaviour for low temperatures and
particularly for 650°C. But, we were not able to measure additional values for lower x as the
resistance values were too high.
However, we can try to determine some parameters for the 400nm-650°C series. The fitting of
the previous results gives the following parameters, if we consider that:
ρ =  ρ0 (x-xc)-t
where ρ0 is a prefactor and t is the transport critical exponent [1,2].
We obtain:
lnρ0 = -8.2 +/- 0.3
t = 2.2 +/- 0.1
xc = 0.068 +/- 0.0002
Figure 26: Resistivity as function of RuO2 volume concentration x for various thick-films 
for different Tf and for 400nm and 40nm RuO2 grain sizes
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For this situation, the transport seems to be universal (t ~ 2). The determination of xc allows to
show that the chosen concentrations for 400 nm are close to the percolation threshold.
For the other samples the situation is not enough clear to be correctly interpreted. Moreover, no
structural difference between the samples was detected.
In conclusion, we can suppose that the behaviour is percolative for Tf < 700°C, but the lack of
values and the limits of the measurements don’t allow us to validate this hypothesis.
Moreover, we should mention that the used V2-glass was polluted with carbon particles coming
from the PE flasks during the ball-milling. Despite of a refining process of the glass to eliminate
the carbon residues, it is possible that some pollution remained in the paste and disturbed the
electrical measurements by modifying the conductivity. Indeed, the expected volume
concentrations of conductive grains may be undervalued, which could explain why we are so
far from xc.
In addition, some incoherences of electrical measurements can be explained by the presence of
isolated bubbles in the bulk of the paste as shown by SEM observation of a cross-section of a
400nm-700°C series (figure 27). (Note also some substrate-resistor interactions, like the V6-
series).
It is evident that from the previous results, a piezoresistive study will be not consistent.
However, we can have a look at some complementary results, such as the behaviour of the TCR
that is presented in the next section.
Figure 27: SEM observation of a cross-section of a 400 nm sample                                       
(the substrate is on the bottom)
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IV . 3 . 2 . Complementary study: evolution of TCR
Figure 28 shows the influence of Tf and the concentration of RuO2 on the behaviour of TCR.
The evolution of TCR depends on the grain size. 40 nm series seems more stable contrary to
400 nm, whose TCR increases when Tf is high. Nevertheless, some similitudes with the V6-
series remain.
For both sizes, TCR values are high for high RuO2 concentrations. This is coherent with the
resistivity behaviour, as to a high resistivity (low concentration) corresponds a low TCR value
[5]. Moreover, for a same concentration of RuO2, TCRs corresponding to 40 nm grain size are
higher than TCRs of 400 nm grain size, as referred in the literature [5].
At last, 40 nm pastes give positive TCR whereas for 400 nm, TCR values are mainly negative.
Figure 28: TCR evolution vs. Tf of V2-series for 400 nm (top) and 40 nm (bottom) grain 
size pastes
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Note that few values are given for Tf < 650°C because of the instability of the measurements,
which leads to important errors.
Despite of some instability, we can assume that this V2-series covers a large range of TCR
values. Note that TCR values for 40 nm and for moderate concentrations lie in a practically
usable range as they are included in the range 0 - 150 ppm/°C.
IV . 3 . 3 . Conclusion
It is evident that the V2-series behaviour is less evident than the previous series (V6-paste). It
comes from the fact that the chosen x seem too far from the xc threshold. So, no distinct
percolative behaviour was emphasised (except for low temperatures). Concerning the electrical
transport, the only analysed series (V2-400nm-650°C) shows an universal transport. But this
result should be confirmed by other samples.
It appeared that the results were not so relevant than the previous series as the V2-glass was
initially polluted by carbon particles coming from the process, that could disturb the electrical
behaviour.
Although this series does not allow to completely reinforce our previous results, some signs of
percolative behaviour are nevertheless present. Moreover, without considering the theoretical
aspect, this series offers an interesting range of TCR values (that could be latter improves by
additives) and it would be useful for technological goals.
IV . 4 . V8-paste category: very low firing temperature system
The V8-series is characteristic by its very low Tf. During the study of the influence of
parameters, we met technological problems (drift of the values). It is evident that the aim of this
section is not to study the electrical behaviour but to understand and resolve the technological
difficulties.
IV . 4 . 1 . Study of R: influence of parameters
IV . 4 . 1 . 1 . Influence of Tf
As previous series, we plot the resistivity in function of Tf for different concentrations and grain
sizes of RuO2 (figure 29).
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The 400 nm series presents the same behaviour as the 400 nm-V2 series. Indeed, whatever the
concentration, the resistivity value increases when Tf decreases (except for high concentrations
(x = 0.11)).
The phenomenon is less marked for the 40 nm series, as we probably chose concentrations x too
far from xc.
SEM images (figure 30) illustrate the homogenisation of the structure with the increase of Tf.
Figure 29: Evolution of the resistivity vs. Tf for 400 and 40 nm size RuO2
Figure 30: SEM observations of the surface of a V8-paste (x=0.11, 400nm) fired at 420°C 
(left) and 650°C (right)
Tf = 420 °C Tf = 650 °C
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At low temperature (420 °C), the RuO2 particles seem more clustered. We can discern some
charged up glass areas. On the opposite, at 650°C, the paste seems more homogeneous and the
insulating zones decrease significantly. From both images, it is easy to imagine that the
resistivity could be lower for high firing temperatures, as observed with the previous series.
Moreover, we did not detect new phase by X-ray analysis (as expected from figure 25).
IV . 4 . 1 . 2 . Influence of RuO2 concentration
The evolution of the resistivity vs. the RuO2 concentration for different Tf and grain sizes is
represented in figure 31 .
The situation looks like the V2-series, as the percolation threshold is not pronounced for most
of the cases. 
For the 400 nm case, the percolation transition is quite clear for low Tf values. But, for the 40
nm series, the situation is even more peculiar since no clear signal of a percolation transition is
visible at any value of the firing temperature.
For the 40 nm case, it appears that the chosen concentrations are not enough close to xc.
For the 400 nm series, we could discern a percolative behaviour for low temperatures, but the
obtained results are not usable as each point is marked by an important error. The results issue
of a possible interpretation would be not representative of the system behaviour. This is why no
precise studies directed to the understanding of the electrical transport will be carried out for the
V8-series.
Figure 31: Resistivity vs. RuO2 volume concentration x for different Tf                             
and for 400 and 40 nm grain sizes
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Consequently, the main goal of this section will be to try to interpret the instability of the results
and to try to improve on this situation.
IV . 4 . 1 . 3 . Origin of the instability of the measurements
It is probable that this instability comes from the too different TCE values of the paste and the
substrate. Indeed, the TCE value of the V8 glass was estimated to be 11 ppm/°C, whereas the
TCE of Al2O3 is 7 ppm/°C (see Chapter III). It is evident that the film is subjected to non
negligible tensile strains from the substrate, which can create localised cracks in the resistance
that have been observed by SEM (figure 32).
These cracks are not negligible as the amplitude of their propagation stretches along several
micrometers.
Moreover, we can attribute this instability to isolated bubbles similar to the one observed for the
V2-series (figure 27). It could come from the fact that the softening temperature of the glass is
very close to the removal threshold of the organics. Despite of the optimised firing process,
some bubbles can remain. But it does not seem to be the major disturbing parameter.
In order to validate our hypothesis of cracks, the evolution and the stability of the gauge factor
value will be studied.
IV . 4 . 2 . Study of the instability: Piezoresistive response
Evolution of GF is a good indicator for the study the stability of a film according to the applied
strain. The appearance of cracks in the bulk of the system will be emphasised by a drift of the
signal.
The aim is firstly to apply a strain (like for the other series) and to observe if there is an
hysteresis or a shift of the values between the initial state (before applying a load) and the final
state (after loading).
Figure 32: SEM of a crack on the surface of a V8-series resistance
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IV . 4 . 2 . 1 . Identification of the instability
The GF measurements were realised with the same technique (cantilever beam) described in
chapter II.2. Increasing loads (from 0 to 80 g) were applied to the end of the alumina cantilever.
The behaviour of several samples is represented in figure 33.
Notation:
we will use the nomenclature defined in the beginning of this chapter by mentioning the
different cantilevers as following:
« volume concentration-grain size-glass-Tf-GFL or T »
We observe that the majority of the samples shows a hysteresis: the signal at the end of the
loading cycle increases. This could be explained by the apparition or lengthening of cracks that
modify the electrical response.
However, some rare samples present a linear evolution (0,09-40-8-450), whereas some others
(0,11-400-8-430) do not seem to be influenced by a load, because of their probable too high
concentration.
Whatever the behaviour is, no apparent correlation between the concentration or Tf has been
found.
Figure 33: Evolution of the piezoresistive response for different V8-samples
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A complementary study carried out on several cycles (three successive cycles) allows showing
that the more critical cycle is the first loading during which the cracks are generated. We
observe a stabilisation for the two following cycles (figure 34).
In figure 34, the behaviour of two representative samples (medium concentration and optimal
Tf) is shown. It appears that all the cracks seem to appear during the first cycle, as the two
following cycles are reproducible. But it is evident that after the first cycle, the signal is
permanently modified.
Moreover, if the samples are left at room temperature without strain during few days, we
observe an increase of the resistivity value of ~ 16% for x = 0.08, and ~ 18% for x = 0.07. This
behaviour shows that an embrittling of the film can be expect during time, and particularly a
phenomenon of stress corrosion, as observed in previous studies [68-70]. These last results
show that the 0.08 sample seems to be more stable, which is in accordance with the results on
figure 34 that show a lower hysteresis for x = 0.08.
IV . 4 . 2 . 2 . Proposition of solutions
In order to avoid this inconvenient, different solutions can be proposed. It is possible:
- to decrease the strain (load) to minimise the cracks,
- to use a substrate with a closer TCE than the V8-pastes,
Figure 34: Evolution of the instability during three following cycles
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- to measure the signal by subjecting the cantilever to compressive strains instead of tension that
amplify the strains in the bulk.
- to modify the composition of the V8-glass in order to change its TCE by adding some
modifiers (amorphous SiO2, for instance).
Among these propositions, some of them are easier to carry out than others. We will take an
interest to the two first solutions. The third one was tried in one case, but gave inconsistent
results: it is probable that the initial cracks provoke false gauge effects, as compressive strain
can close the cracks and create new contacts modifying the gauge factor evolution. The last
solution will be the topic of future studies.
IV . 4 . 2 . 2 . 1 . Decrease of strain
To avoid cracks, we decided to observe the behaviour of some samples by applying different
decreasing loads: 80, 40 and 20 g. Note that before applying each load, the cantilever is
unloaded. It will allow us to stabilise the existing cracks, with the large initial load, and use the
decreased load for GF measurement. The evolution of the two previous samples is depicted in
figure 35.
So that the samples were observed in the same conditions, the first cycle consists in applying a
load of 80 g that generate cracks.
These two samples are representative, as the first (0,08-40-500-La) show a strong deviation of
the signal for 80 g, whereas 0,07-40-500-La presents a relatively linear signal that it is less
influenced by cracks.
Whatever the samples are, the lower loads (20 and 40 g) don’t seem to generate cracks. Note
that the very low loads (20 g) lead to measurement precision issues due to the correspondingly
very low electrical response.
An appropriate solution would to decrease the applied strain and to apply a 40 g load.
Figure 35: Piezoresistive response during three cycles with decreasing loads
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Between the figures 34 and 35, we detect a shift of the signal if we compare the final value of
figure 34 and the initial value of figure 35. These values should be the same, as the different
experiments were carried out successively (but they were separated by a phase of rest during 15
days). We suppose that the samples (and the cracks) propagation over time is due to stress
corrosion effects due to ambient humidity and thermal tensile strain [69,70].
IV . 4 . 2 . 2 . 2 . Change of the substrate
The second solution was to change the alumina substrate by an other material characterised by
a closer TCE of the resistor film.
A possible candidate could be ZTA (Zirconia Toughened Alumina) whose TCE is 9 ppm/°C.
Although its TCE is yet lower than the one of V8, it could be considered as a good compromise
as ZTA material is chemically close of the alumina substrate. Indeed, for example, some
measurements on alumina and ZTA substrates show relatively similar results in the case of
commercial pastes, such as DP 2041 [71].
The same cycles as figure 34 were realised to compare the results.
In figure 36, the three successive cycles corresponding to the alumina substrate and to the ZTA
substrate are depicted. All the values are normalised to obtain comparable results. Indeed, to
realise the cycles, we applied a maximum load of 40 g. But, the used ZTA cantilevers were
thinner than the alumina ones: the thickness were ~ 0,3 µm (0,635 µm for alumina). So, as the
main material constants are nearly the same as alumina (elastic modulus E* ~ 340 GPa,
Poisson’s ration ~ 0.23), the resulting surface strain along the main cantilever axis,
corresponding to a determined load, becomes four times higher than the strain for alumina. This
comes from the following expression of the strain ε:
ε = 6 M g d / (E* b h2)            (for more details, see chapter II.2)
where h is the thickness.
As, hZTA = (hAl2O3 / 2), then we obtained that εZTA = 4 εAl2O3. So, the strain corresponding to a
load of 40 g for a ZTA cantilever, corresponds to a strain generated by a load of 160 g on the
alumina cantilever. This is why the scales are different from both substrates, which justifies a
standardisation of the values (figure 36).
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If we compare the values with the same load, we can observe the results with ZTA substrate
appears to be more stable. Although a hysteresis persists, high loads don’t provoke important
and irreversible modifications of the behaviour.
It is evident that the stability could be optimised as the TCE of ZTA is not the same as the TCE
of alumina, but it was interesting because of its comparable properties.
Moreover, we can suppose that the residual instability could come from internal microscopic
strains between the different phases of the paste (glass and RuO2), as explained in chapter II.
IV . 4 . 2 . 3 . Conclusion
This study allows to show the importance of the substrate in thick-film technology. In our case,
the TCE of the V8-series is too high compared to that of alumina, which leads to cracks in the
resistor. This affects the piezoresistive response, which shows a non negligible drift, as referred
in the literature [72]. However, the initial cracks embrittle the material (humidity, oxidation)
and an instability seems to be always present.
To decrease the applied strain, we can use a different substrate (with a TCE > 11 ppm/°C, such
as ZrO2 or steel) to give stability to the system. But, this implies to develop compatible
dielectrics to avoid the chemical interactions between this kind of substrate and the resistors (see
chapter V and outlook).
Figure 36: Piezoresistive response with a ZTA and an alumina substrates
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Therefore, an extensive study of piezoresistivity in this series could not be carried out, as the
obtained results are not representative as dependent on external perturbations.
However, we can study the evolution of TCR value that remains coherent. 
IV . 4 . 3 . Complementary study: evolution of TCR values
Figure 37 shows the influence of Tf and the concentration of RuO2 on the behaviour of TCR.
The evolution of TCR depends on the grain size. 40 nm series seems more stable contrary to
400 nm, whose TCR increases when Tf is high. However it retains some similitudes with the
V2-series.
For a same concentration of RuO2, TCRs corresponding to 40 nm grain size are higher than
TCRs of 400 nm grain size, which is also the case for our results on V6 and V2 systems, and as
referred in the literature [5]. Moreover, TCRs for the 400nm-series are little dependent on the
concentration except for low temperatures. 
At last, 40 nm pastes give positive TCR whereas for 400 nm, TCR values are both negative and
positive.
An interesting technological point is that we observe a zone of stability where TCR remains
constant. For 40 nm size, it corresponds to the range: 475 - 550°C (TCR ~ 600 ppm/C°).
Whereas for 400 nm, the range is: 500 - 550°C with a TCR value ~ 0 ppm/°C.
Figure 37: TCR evolution vs. Tf of V8-series for 400 nm (top) and 40 nm (bottom) grain 
size pastes
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The study of TCR is interesting as some TCRs are close to 0. We can expect that the samples
stay more or less stable in this range of temperatures that is one of the required properties to
realise a sensor.
Note: TCR values on ZTA substrate are little higher than values on alumina, which was
predictable as the higher thermal expansion of ZTA induces a piezoresistive shift of the TCR
[71]. Figure 38 shows this discrepancy between each case, although the values are relatively
close, which is in accordance with previous measurements [73]. The coherence between the
values show that the measurements can be considered as representative.
As we were limited by the available quantities of ZTA substrates, we chose optimal
concentrations (0.07 and 0.08) and optimal Tf (500°C).
IV . 5 . Conclusion
The three chosen series of pastes (V6, V2 and V8 pastes) offer complementary results by their
different behaviour. 
The V6-series allows us to validate our hypothesis that the exponent t can depend on strain and
leads to a logarithmic divergence of GF. We conclude that the origin of nonuniversality in
RuO2-glass composites is probably due to a tunnelling-percolation mechanism of
nonuniversality.
The V2-paste category shows more ambiguous results as its percolative behaviour is not clearly
established. Although this series does not allow to completely reinforce our previous results,
Figure 38: TCR values of V8-pastes (Tf = 500°C) on ZTA and alumina substrates
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some signs of percolative behaviour are nevertheless present. Additional samples are needed to
define it more precisely. 
The very low Tf of V8 led to technological problems, because of its instability (cracks) due to
its TCE being too high for the alumina substrate. We took an interest to propose solutions to
decrease this instability. These problems did not allow a precise study of the electrical transport.
IV . 6 . Sensitivity to firing conditions and stability studies
The last part of the study of new piezoresistive pastes is dedicated to the evaluation of their
firing sensitivity and stability. In coherence with the study of commercial pastes (chapter II),
similar experiments were realised. We will first study the effect of the firing schedule on
representative samples. Stability will then be qualified by measuring the influence of a post
annealing high temperature storage (250°C).
IV . 6 . 1 . Effect of the firing schedule
IV . 6 . 1 . 1 . Samples and experiments
In order to limit the number of samples, we selected «10 kOhm» compositions (giving ca.
10kOhm resistance for a square resistor with a typical fired thickness of 10 µm) for each
category to be coherent with the study of commercial pastes (chapter II). For each
concentration, the two different grain sizes are selected (40 and 400 nm). Each sample is fired
at low, medium (optimal) and high temperature according to its glass composition, except for
the V8-system, which was fired at low and especially high temperatures to favour chemical
reactions.
Selected samples and conditions of firing are summarised in table 3.
V6 and V2 series are subjected to different firing cycles with a temperature dwell time of
15 min. The cooling rates have been modified:
1) «standard» resistor firing cycle, with a cooling rate of ~ 50 °C/min (see cycles as described
in chapter III.3) (n);
2) «quenching», with a cooling rate of ~ 300 °C/min (T);
3) «slow», with a cooling rate of ~ 2 °C/min (L).
samples Tf (°C)
0.11-400-6
525 600 675
0.08-40-6
0.11-400-2
640 675 750
0.08-40-2
0.11-400-8
420 650 800
0.11-40-8
Table 3: Selected samples and initial conditions of firing
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As the V8-series is prone to cracking, it was not significant to subject it to the same experiments.
However, we will study the its sensitivity to firing by increasing the time of the temperature
dwell (3h).
The influence of the firing parameters will be studied through the evolution of R / TCR values
and GF values. The same measurement techniques as in chapter II.2 are used.
In addition, structural analysis will allow to interpret the electrical results.
IV . 6 . 1 . 2 . Processing sensitivity on the V6-system
IV . 6 . 1 . 2 . 1 . R and TCR evolution
• Influence of the cooling rate vs. Tf
In figure 39 is depicted the evolution of R and TCR values for the both grain size series (400 -
40 nm) for each firing conditions.
Whatever the grain size, the same trend is observed. High resistivity values are correlated to low
TCRs for each selected parameter.
According to the coherence of the results, we decide to study mostly the evolution of the
resistivity values, as it will be easier to interpret R results (after that, the reasoning could be
transposed to the TCR evolution).
Figure 39: R and TCR evolution of 400 (a) and 40nm-V6 series (b) for the different 
cooling rates
a. 400 nm grain size b. 40 nm grain size
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Resistivity values reach a maximum for optimal / intermediate temperatures. We cannot deduce
anything from the effect of the cooling rate. However, we can affirm that the corresponding R
values for a given temperature are more or less dispersed. Indeed, for 400 nm size fired at low
temperature, the discrepancy between the different values is low. The disparity increases for
higher Tf. 
A nearly opposite behaviour is observed for the 40 nm size series as the less dispersed values
correspond to high Tf.
This behaviour can be explained by a phenomenon of diffusion of the conductive nanoparticles.
If we consider the following Einstein’s equation that expresses the brownian motion, we can
explain the disparity of the results vs Tf:
D: diffusion coefficient (m2/s)
k: Boltzmann’s constant (1.39.10-23 J/K)
T: temperature (K)
F: frictional coefficient (kg/s)
For 400 nm, F is high because of the agglomerates present at low Tf. In this case, the diffusion
is slow, or even nonexistent. So, no variation is detected whatever the cooling rate as the system
can be considered as motionless. 
On the contrary, for 40 nm-high temperature, F is small, and D high. However, no difference of
the R values between the different firing conditions are detected as the system has become
homogeneous because of the diffusion. For 40 nm-675°C, the three systems can be considered
as stable and they are not more influenced by the cooling rate and their R values are similar.
For low temperature-40 nm size, the R values are more influenced by the cooling rate if we
compare the more significant disparity with the results for the 400 nm-series. It comes from the
smaller size of the particles that are more subjected to the diffusion. In this case, a motion can
already been detected.
The same evolution is observed for high temperature-400nm size. F is small, and D is high but
the system has not yet reached an equilibrium. In this case, the cooling rate still influences the
values.
For optimal / intermediate temperatures, we can observe an intermediate situation. The glass
wets the particles and disperses the agglomerates. F and D are characterised by medium values.
In this case, we suppose a competition between a physical phenomenon (diffusion) and a
chemical one (reactions).
Note that no specific correlation is found between the different cooling rates for a same Tf, but
we will study it more in detail in the following part.
Another interpretation is that the evolution of the values can be due to some microscopic local
strains between the particles, as explained for the commercial pastes.
The remaining strain can be extrinsic (macroscopic thermal mismatch between resistor and
substrate) or intrinsic (local thermal mismatch between glass and conductive phase). Extrinsic
D kTF
-----=
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mismatch between Al2O3 and optimal 600°C firing resistors is thought to be small, as TCE
values given for the glass [74] and RuO2 (average [75]) are 8...9 and 5 ppm/K, close to the ca.
7 ppm/K value for Al2O3. However, the intrinsic, local thermal mismatches are much higher in
the case of RuO2-containing resistors. Rutile RuO2 has anisotropic TCE values: +9 and -2 ppm/
K for the a=b and c axes [75]. Upon quenching, strong tensile strains are therefore expected to
be frozen in along the c axis (which could later relax during annealing). 
• Influence of the temperature-dwell time vs. the cooling rate
In order to better explain the situation, we should isolate these two parameters and realise a more
precise study on a single concentration for the optimal temperature. In this case, we would be
able to explain the variation of the values vs the cooling rate.
A first step is to verify that the cooling rate is an influent parameter. We would like to dissociate
the influence of slow cooling and long dwell temperature time. For 40 and 400 nm- grain sizes,
and optimal Tf: 600 °C, we will firstly determine intermediate points by carrying out
complementary cooling rates such as 0.5 and 20 °C/min, to confirm the trend. In the same time,
the temperature-dwell time is increased (to 5h) to show that even for low cooling rates, the
cooling phase is not merely an extension of the dwell-time. Indeed, for lower cooling rates, we
remark that the temperature-dwell time is inevitably increased as the slope of the cooling is low.
So, the samples stay during ~ 45 min at 600°C, instead of 15 min for the other samples (n and T).
By comparing 15 min and 5 h dwell-time results, we will determine whether the cooling rate
can be considered as a determining parameter or if it is due to a longer firing time. In this second
case, the values should remain identical. It will allow knowing whether the cooling rate or the
dwell time has more incidence on R and TCR values.
Figure 40 summarises the results of both experiments for both size series at 600 °C, as it depicts
the evolution of R and TCR values for complementary cooling rates and the corresponding
values for a temperature-dwell time of 5 h compared to 15 min dwell-time.
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Both sizes show coherent and similar evolutions.
Figure 40: Influence of the dwell-time and of the cooling rate on R and TCR values      
(the caption is the same for each graph)
a. 0.11-400-6-600 sample (R and TCR)
b. 0.08-40-6-600 sample (R and TCR)
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The complementary points allow to find a correlation between the different cooling rates for a
same Tf, as the resistivity values increase when the cooling rates increase. At high cooling rates,
this trend is reversed. This is observed on all 4 sets of samples. The opposite and coherent effect
with the evolution of resistivity is obtained with TCR values, if we consider the possible errors
of measurements (for instance, the higher the cooling rate, the lower the stability for the
measurements. This is mostly the case for quenched samples).
The same trend is observed for 400 nm-size, but less marked.
The fact that the R values decreases for high cooling rates shows that several mechanisms
concerning the evolution take place during the cooling step, namely mechanical (due to the
material strain) and chemical evolution (due to the interaction with the particles).
Concerning the influence of the dwell-time, we observe that the values differ vs. the dwell-time.
An increase of the dwell-time leads to a decrease of the resistivity value. It could be expected
as increasing the time can favour the reactions and the generation of nanoconductive particles
that could provoke a decrease of the resistivity.
We can deduce that the dwell-time seems more influent than the cooling rate.
Note that whatever the dwell-time is, the same trend remains: R values increases when the
cooling rate increases (except for high cooling rates) (and the opposite for TCR), but for 5h-
dwell, the R values are less dispersed (and consequently less influenced by the cooling rate).
Moreover, the difference between the R value of 15 min and 5 h seems to increase when the
cooling increases (less marked for 400 nm-series). It shows that in the case of quenching, the
cooling rate has nevertheless a small influence on the values, contrary to for low cooling rate,
for which the values are nearly the same: in this case, the cooling rate has no more incidence.
An equilibrium is reached.
We can conclude that there is a combined influence of the cooling rate and the dwell-time on R
and TCR values.
The observations are the same as the 400 nm size but less marked. It could be due to the decrease
of reactivity because of the smaller specific surface. A possible evolution to an equilibrium is
less probable.
Moreover we observe that the most incoherent results correspond to the quenched values. This
was predictable because of the high remaining intrinsic strains.
Whatever the conditions, no new phase or difference between the samples was observed by X-
ray and SEM analysis, except for the series fired at 525°C. For this case, we can see the
influence of the cooling rate. It emphasizes the fact that a slowly cooled rate sample stays at high
temperature during longer time that a quenched sample. It allows in this case an improvement
of the melting of the glass that is not complete when the sample is quenched (figure 41).
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Quenched sample shows some agglomerates not yet wetted by the glass. On the contrary, if the
cooling rate is decreased, the sample remains at high temperature during a longer time. A more
homogeneous resistor is then obtained (although some agglomerates subsist because of the low
Tf).
These results seem coherent with the behaviour of commercial pastes as the quenching
decreases the resistivity values whereas an increased dwell-time decreases them.
IV . 6 . 1 . 2 . 2 . GF evolution
Similar experiments were carried out on cantilevers to measure the piezoresistive response.
Because of the lower number of samples, we chose to fire the cantilevers at optimal and high
temperatures, as the low temperature seems less interesting (the glass not completely melted,
poor diffusion...).
As explained for commercial pastes, the GF values are less influenced by the firing conditions.
Figure 42 shows the evolution of the value of the longitudinal GFs (transversal GFs show the
same trend) for quenched and slowly cooled 0.11-400 and 0.08-40 samples fired at 600 and
675°C.
Figure 41: 0.11-400-6-525 samples: quenched (a) and slowly cooled (b)
a. Quenched sample (T) b. Slowly cooled sample (L)
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We cannot conclude on the effect of the cooling rate. But the samples seem little influenced.
Like commercial pastes, an increase of Tf provokes a decrease of the GF value which is coherent
with the resistivity results, as high resistivity should generate high GF. It proves that the results
are coherent with the previous measurements (R and TCR values).
IV . 6 . 1 . 3 . Processing sensitivity on the V2-system
IV . 6 . 1 . 3 . 1 . R and TCR evolution
This study is less detailed than the previous one, as the nearly same behaviours are observed.
In figure 43 is depicted the evolution of R and TCR values for the both grain size series (400 -
40 nm) for each firing condition.
Figure 42: Evolution of the longitudinal GF for 400 (a) and 40 nm series (b)
a. GFl for 400 nm series b. GFl for 40 nm series
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It is shown that the resistivity values decrease when Tf increases, whatever the cooling rate.
The opposite and coherent trend is observed for TCR values.
For intermediate and high Tf, the discrepancy of the R values is very low. The samples seem not
influenced by high Tf. In fact, it appears that at low Tf, the particles already diffuse contrary to
the V6-series. Indeed, as Tf is higher for the V2-series, we can suppose that for low Tf the
situation of the system corresponds to the intermediate situation of the V6-system (600 °C). In
this case, for low Tf (640 °C), the D and F values are medium, and the particles can be influenced
by a diffusion phenomenon. At intermediate temperature (675°C) the system has already
reached an equilibrium.
Concerning the influence of the cooling rate on the resistivity values (mostly for low Tf, no
correlation can be found because of the lack of points). It was the same situation for the previous
V6-system.
Concerning the structural behaviour, SEM images show that the quenching leads to less
homogeneous systems (figure 44). The same behaviour is observed whatever Tf.
Figure 43: R and TCR evolution of 400 (a) and 40 nm-V2 series (b) according to the 
cooling rate
a. 400 nm series b. 40 nm series
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We can expect that the behaviour of the V2-series would be the same as the V6-series if we had
realised some complementary cooling rates.
Figure 44: 0.11-400-2-675 samples: quenched (a) and slowly cooled (b)
a. Quenched sample (T) b. Slowly cooled sample (L)
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IV . 6 . 1 . 3 . 2 . GF evolution
Figure 45 shows the evolution of the GFL values for quenched and slowly cooled 0.11-400 and
0.08-40 samples fired at 675 and 750 °C.
The trend seems to be the same as the V6-series mostly for the 400 nm grain size, as an increase
of Tf provokes a decrease of the GF value, which is coherent with the resistivity results, as high
resistivity should generate high GF. It proves that the results are coherent with the previous
measurements (R and TCR values).
For 40 nm size, the phenomenon is less marked and should be confirmed by additional
experiments.
IV . 6 . 1 . 4 . Processing sensitivity on the V8-system
We reported that the V8-system is characterised by unstable measurements because of
technological problems (cracks). Subjecting these samples to such «extreme» firing conditions
would not bring significant results, as it could accentuate the instability.
However, we did decide to take an interest on the evolution of the microstructure, and to study
the influence of the temperature and dwell-time. This was prompted by the fact that V8 lies at
the boundary between the RuO2 and Pb2Ru2O6 stability fields.
Figure 45: Evolution of longitudinal GF for 400 (a) and 40 nm series (b)
a. GFL for 400 nm series b. GFL for 40 nm series
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Firstly, we observed in the previous section that the system appears more homogeneous for high
temperature (650°C) (figure 30). Moreover, if the 400 nm series is fired at high temperature
(650°C) during 3h, a new phase can be detected by X-ray analysis (figure 46).
The additional peaks (PbRu) correspond to the Pb2Ru2O6 phase. However, no new phase is
detected for the 40 nm-series (Ru corresponds to RuO2 peaks).
In a second time, we decided to over-fire the same sample (800°C-15min) to determine the
predominant parameter (temperature of firing or dwell-time) for the formation of lead ruthenate
(figure 47).
Figure 46: X-ray spectra of 0.11-400 sample fired at 650°C during 15 min (a) and 3 h (b)
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If we compare the ruthenate peaks, it appears that the peaks corresponding to the 650°C-3h
sample are more important than the one fired at 800°C-15min. Apparently, increasing the dwell
time has more effect than increasing the firing temperature in promoting ruthenate formation.
Note that it is easy to observe the increase of ruthenate. On the other hand, we should observe
a proportional decrease of RuO2, but this behaviour is not predominant.
This new phase can be explained by the fact that ruthenate phases are more stable in high-lead
glasses [12]. Moreover, according to Morten et al [76,77], the decomposition of lead-ruthenate
into RuO2 is expected for firing temperatures between 800 and 1000°C, which indicates that the
ruthenate is also thermodynamically favoured at low temperatures. In our case, at 650°C during
3h, the components tend to reach an equilibrium. Then, the ruthenate phase is favoured. At
800°C, 15min, the driving force for ruthenate formation decreases. No increase of ruthenate is
expected at this temperature as in the range 800-1000°C, the RuO2 phase is favoured. 
Moreover, for this glass composition, the conductive phase compound should be stabilised, if
fired at 850°C, as showed in the diagram of stability of Adachi and Kuno (figure 25). Indeed,
the V8 glass composition corresponds to a stable system in which the initial conductive phases
should remain stable around 850°C.
Figure 47: X-ray spectra of 0.11-400 sample fired at 650°C-3h(a) and 800°C-15min(b)
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SEM analyses allow to illustrate the fact that some structural modifications occur when the
400nm-samples are fired during 15 min and 3 h (figure 48).
It is evident that the sample fired during 3h shows a finer microstructure. The conductive
particles are smaller and their concentration seems higher.
A strange and incoherent result is that no new phase is detected for the 40 nm series, despite of
the fact that several samples were tested. Yet such reactions should be favoured in the case of
smaller conductive particles as the corresponding specific area is more important, which is not
the case. This phenomenon could be explained by a less favoured nucleation of the ruthenate
phase with smaller particles of RuO2. Indeed, it could be due to the difference of morphology
and size of the two series of RuO2 powders that can affect their surface reactivity.
Another explanation is that a possible new phase is generated but the nanoparticles are too small
and too isolated to be detected.
IV . 6 . 1 . 5 . Conclusion
R, TCR and GF values are coherent as a high resistivity is associated to a low TCR and to a high
GF, which shows that the obtained values are representative.
V6 and V2-series are in accordance with the results of the commercial pastes. Indeed, coherent
behaviour is observed: the increase of the cooling rate increases the resistivity values, whereas
the increase of dwell-time decreases them. We observe a combined influence of the cooling rate
and the temperature dwell-time on R and TCR values.
The evolution of the values can be explained by diffusion phenomenon and local microscopic
strains due to important cooling rates.
On the opposite, low cooling rates allow to homogenise the microstructure of the resistors.
Concerning the V8-series, the influence of dwell-time and temperature were studied, whereas
the effect of the cooling rate were not because of the instability of the resistor. A new phase (lead
ruthenate) was detected for the only 400 nm-series.
Figure 48: SEM surface observation of a 400 nm sample fired at 650°C during 15 min (a) 
and 3 h (b)
a. 0.11-400-8-650°C - 15 min b. 0.11-400-8-650°C - 3h
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IV . 6 . 2 . Post annealing study - stability in high-temperature storage
After firing, the samples are subjected to long-term annealing cycles at 250°C in order to
ascertain their stability.
Measurements are performed after firing and ex situ during annealing, by periodically removing
the samples from the annealing oven.
R, TCR and GF values are measured by the same way as previous experiments.
In general, 40 and 400 nm size series are characterised by the same trend. This is why only
representative samples will be presented in the following study. The chosen samples are:
- 0.11-400-6 for low, medium and high temperatures (corresponding to the previous
experiments),
- 0.08-40-2 for low, medium and high temperatures (corresponding to the previous
experiments),
- 0.08-40-8 and 0.07-40-8 at 500°C as they were not subjected to «extreme» firing conditions.
Moreover, we will take an interest only on the evolution of the electrical properties, as no
significant change of microstructure or XRD spectrum was observed. 
IV . 6 . 2 . 1 . Evolution of R
The following figures (49, 50, 51) show the evolution of the R value during the annealing time,
for the V6, V2 and V8 series.
Electrical and structural evolution of new piezoresistive pastes
Sonia VIONNET-MENOT 155
.
Figure 49: Relative change of the resistivity of the 0.11-400-6 sample during the annealing
Figure 50: Relative change of the resistivity of the 0.08-40-2 sample during the annealing
Figure 51: Relative change of the resistivity of the 0.08 and 0.07-40-8-500°C sample 
during the annealing
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Concerning the V6-series (figure 49), the slowly cooled samples (triangles) show a relatively
good stability (< 1%) of the R value during the annealing time. On the opposite, the quenched
samples (discs) show a decrease of the R value (variation ~ 5 %). For the 40 nm grain size, this
instability is more marked (variation ~ 10 %). Moreover, we can observe that the samples fired
at low Tf (525 °C) are the most stable, whatever the cooling rates. 
Concerning the V2 series (figure 50), the same trend as the V6-series concerning the influence
of the cooling rate is observed, with more significant variations (maximum ~ 10 %) and a more
marked difference between quenched and slower cooled samples. However, contrary to the
previous series, the firing temperature does not seem to influence the stability.
This behaviour is observed for both particle sizes, although the 400nm series appears to be more
stable (variation < 3%).
The V8-series (figure 51) shows the most important instability (~ 18%), which was predictable
from the very low firing temperature of the glass. The evolution is identical for both samples.
They show a progressive decrease of the R value, and they don’t seem to be stabilised after 800h
of annealing, contrary to the two previous series. The regularity of the progression of the R
values emphasizes the fact that the behaviour of these samples is governed by a continuous
phenomenon that evolves and that could be compared to a strain relaxation occurring at 250°C.
During the high temperature storage, the strains can relax, phenomenon that is shown by a
decrease of the standard deviation of the resistivity value vs. the storage time. In fact, the high
temperature storage allows to relax the strains and to decrease the influence of humidity, which
leads to a stopping of the progression of the cracks. 
If we compare the three series,V6 and V2-categories appear the most stable during the annealing
time. This emphasises the fact that few microscopic strains were generated during the firing
process. Moreover, after an annealing time of 800 h, the values seem to be stabilised, contrary
to the V8-samples.
IV . 6 . 2 . 2 . TCR evolution
The following figures (52, 53, 54) show the evolution of the TCR values during the annealing
time, for the V6, V2 and V8 series.
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Figure 52: Relative change of TCR of the 0.11-400-6 sample during the annealing
Figure 53: Relative change of TCR of the 0.08-40-2 sample during the annealing
Figure 54: Relative change of the TCR of the 0.08 and 0.07-40-8-500°C sample during the 
annealing
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Concerning the V6 and V2-series (figures 52, 53), they are characterised by the nearly same
trend as their maximum variation is about 10-15 ppm/°C. Although it is difficult to emphasise
a trend, it seems that the samples fired at high temperature appear to be more stable. This trend
is validated by both particle sizes, even if the 40nm-V6 series seems to be the less stable (TCR
change  > 30 ppm/°C).
However, no correlation has been found between the stability and the cooling rates. 
The variations of V8-TCR values (figure 54) are more significant (until 50 ppm/°C), the time
of annealing does not seem to stabilise them. But it subsists a coherence between the R and TCR
values as R decreases during the annealing whereas TCR increases.
IV . 6 . 2 . 3 . GF evolution
The following figures (55, 56) show the evolution of the longitudinal GF values during the
annealing time, for the V6 and V2 series.
To present clearer results, only the evolution of GFL is presented, knowing that the GFT
evolution follows the same trend.
No results are presented for the V8-series, because of its remaining instability (presence of
cracks). The incoherence of the GF value is due to the cracks that lead to a continuous drift of
the values.
Figure 55: Relative change of the GfL value of the 0.11-400-6 sample during the annealing
Figure 56: Relative change of the GFL value of the 0.08-40-2 sample during the annealing
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If we exclude the 0.08-40-2-640°C sample, the V6-series shows a more important variation
(~15 %) than the V2-series (< 10%). This behaviour is due to the fact that the V2-series is less
influenced by the annealing because of its higher Tf process. The instability of the 0.08-40-2-
640°C sample could be due to its low firing temperature (640 °C). 
Concerning the V6 series, the 40 nm grain size shows a less important variation (< 15%) than
the 400nm grain size.
Whatever the series are, the GF values seem to be stabilised after 800 h of annealing.
IV . 6 . 2 . 4 . Conclusion
Upon annealing at 250°C, similar results are obtained for GF and TCR. Also, no significant
change of microstructure or XRD spectrum is observed. The stability of the microstructure and
GF is in accordance with some authors [78], as they explain that GFs of thick-film resistors
depend to a greater extent on the microstructure of the material.
However, R changes significantly at 250°C and its evolution is dependent on the firing schedule.
The evolution of R upon annealing was also found to depend strongly on the cooling rate for
commercial and home-made pastes. The slower the cooling rate is, the more stable the R value
is. This observation is common to the commercial and experimental pastes.
Moreover, in general, stability of commercial pastes for a given cooling rate was found to
increase with the firing thermal budget. Our pastes depend on the firing temperature but their
behaviour differs. Indeed, for the V6-series, decreasing the firing thermal budget significantly
improves stability, while for the V2-series the firing temperature does not seem to influence the
stability. 
It is evident that these new series of pastes are not as stable as DP2041 (R change < 1.0%). Their
variations are much similar to the ESL3414 or 3114 pastes. Like commercial pastes, the
evolution tends to saturate, and even be partially reversed after ca. 200h, as observed by
Cattaneo et al [79].
If we compare the three experimental pastes, in spite of the much lower firing temperature of
V6, its thermal stability is comparable to that of V2. These two experimental pastes can be
compared respectively to ESL 3114 and DP 2041, because of their difference of firing
temperature. The pastes based on the V8 glass present the higher instability, because of its
lowest firing temperature.
At 250°C, possible evolution mechanisms could involve Ru in glass (dissolved or in clusters
[12]), or mechanical relaxation. Our investigation methods did not allow direct assessment of
Ru in glass, but local rearrangement of Ru in glass during annealing such as precipitation of
supersaturated Ru into clusters cannot be ruled out.
Mechanical strain relaxation can be extrinsic (macroscopic thermal mismatch between resistor
and substrate) or intrinsic (local thermal mismatch between glass and conductive phase), as
explained before, which can later relax during annealing. 
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IV . 7 . Conclusion
These three different series of pastes allow us to study different aspects of the thick-film
technology.
The V6-category was used to validate our hypothesis about the conduction mechanism. It
appears that the nonuniversal behaviour of tunnelling-percolation mechanism can be
demonstrated by applying an external force to the system - aspect that has never been described
in the literature.
Moreover, we showed that the electrical properties are depend on different parameters such the
conductive concentration, Tf or the dwell time.
The V2-series study emphasized our hypothesis concerning the conduction mechanism,
although the results were more ambiguous.
The V8 system was too instable to realise the same study and we preferred to find solutions to
decrease the internal strains due to difference of TCE between the different materials.
Moreover, the hypothesis of cracks due to thermal strains was validated by a more regular and
less  anarchic evolution of the values of the paste at 250°C.
Whatever the paste category is, structural analysis does not in general reveal the apparition of
new phases, but shows a dependence of the microstructure vs. Tf. Also, reactions between the
substrate and the glass of the resistor were observed at high Tf, leading to a modification of the
homogeneity of the bulk resistor and thereby to a change of the electrical values.
After the analysis of the properties of these new pastes, their stability was studied, because of
limited available information in literature concerning the effect of firing schedule, particularly
of quenching and to compare them to the commercial paste stability.
The influence of the firing schedule on the properties (R, GF and TCR) was found to be different
for the three tested compositions. But, their corresponding values were coherent as a high
resistivity is associated to a low TCR and to a high GF.
V6 and V2-series are in accordance with the results of the commercial pastes. Overall, the
increase of the cooling rate increases the resistivity values, whereas the increase of dwell-time
decreases them. In fact, we observe a combined influence of the cooling rate and the
temperature dwell-time on R and TCR values.
The evolution of the values can be explained by diffusion phenomenon and local microscopic
strains due to important cooling rates.
However, V8 appears to be strongly influenced by the dwell-time and temperature. A new phase
(lead ruthenate) was detected only for the 400 nm-series. The absence of this new phase for the
40 nm-series could be explained by the difference of morphology between the two series of
particles that can influence the nucleation.
Upon annealing at 250°C, only R changes significantly, and its stability was found to strongly
depend on composition and firing schedule. V8 exhibited the highest changes, whereas V2 and
V6 had comparable stability. 
Modifying the cooling speed and the firing temperature affects both properties and annealing
behaviour. This could come from supersaturated Ru in the glass or from frozen-in local strains
between conductive phase and glass matrix. 
From a scientific point of view, this first step allowed to show that nanostructure, conduction
and properties are intimately linked. By choosing adequate and relevant composition, structure
and firing, we proposed a new way to unveil the conduction process that has not been yet
elucidated. But this trend should be confirmed by other complementary experiments.
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From a technical point of view, it is evident that these pastes could be optimised through better
stability, higher GF or adapted TCR. However they present a large range of applications
because of their different Tf and their different TCRs. Thanks to this particularity, these pastes
could be used on different substrates.
Some applications will be then presented in the following chapter.
Electrical and structural evolution of new piezoresistive pastes
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CHAPTER V:
Applicat ions
It is undubitable that our piezoresistive pastes show a large range of values concerning the
electrical properties, which allows diverse applications described in this chapter. The nature of
our pastes presents the advantage to be used on different substrates such as steel or aluminium
as expected at the beginning of this work.
Moreover, the large range of applications will be emphasised by the fact that even the less
interesting samples (resistors with poor properties: high TCR, ...) could be used for specific
applications.
The following table summarises the obtained values according to the paste-series.
(For the detailled properties of the glasses, see table 1, p77).
This table confirms that the three categories of pastes offer a large range of applications.
RuO2 
grain size
(nm)
Process 
temperature
(°C)
R value 
(kOhms)
TCR value 
(ppm/°C) GF value
TCE   
(ppm/°C)
V6-
series
40 525 to 675 0.03 to 100 +80 to +2000 2 to 30 9
400 0.08 to 500 -600 to +500 3 to 15
V2-
series
40 640 to 775 0.8 to 200 -60 to +600 7 to 20 7
400 1.5 to 500 -600 to +100 4 to 16
V8-
series
40 420 to 650 0.32 to 54 +470 to +1200 8 to 17 11
400 0.1 to 55 -410 to +620 3 to 17
Table 1: Property range of our experimental piezoresistive pastes
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From this table, we can extract some interesting samples whose electrical properties meet our
requirements for piezoresistive sensing, which are:
- Sheet resistance ~ 10 kOhms
- TCR value  ~ 0 ppm/°C
- GF value > 10
- diverse TCE and firing process temperatures to be adapted on different substrates.
The most promising samples are presented in table 2.
We observe that, for each series, the grain size of the conductive phase seems to be a decisive
factor for electrical properties.
V . 1 . First prototype on aluminium substrate: load cell
V . 1 . 1 . Prototype
A simple prototype force sensing beam was built on aluminium substrate (figure 1). The used
resistor was the 0.08-40-6-575°C with the following properties: 
R = 14 kOhms
GF = 15
Tf = 575 °C
samples Tf(°C)
R value
(kOhms)
TCR value
(ppm/°C) GF value
V6-series 0.09-40
0.075-40
0.07-40
0.06-40
0.055-40
0.03-40
0.11-400
0.085-400
600
625
625
650
675
650
675
550
15
15
20
20
20
20
8
11
290
230
250
190
190
150
-90
-128
14
16
10
13
22
20
7
5
V2-series 0.11-40
0.08-40
0.07-40
0.067-40
0.06-40
0.11-400
0.09-400
640
700
750
750
700
700
750
5
10
15
18
5
5
15
240
100
-18
52
13
-100
-165
13
15
18
18
17
5
7
V8-series 0.08-400
0.075-400
0.07-400
500
500
500
6
7
12
-115
-100
-150
6
10
15
Table 2: Most promising experimental pastes for piezoresistive sensors
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The used dielectric (to avoid short circuit between the conductor and the aluminium substrate)
was realised in our lab and is composed of the V6-glassy matrix to assure an optimised
compatibility between the resistive and dielectric pastes.
This force sensing cell was characterised (figure 2), and found to be surprisingly good, given
the fact we used «simple» aluminium. Use of stronger alloy could be possible and would
potentially yield reasonably good force cells.
Note that the dielectric based on the V6-glass was filled with TiO2. This «filler» was used to
stabilise the dielectric and to avoid the infiltration of the conductor and resistor through it. The
addition of TiO2 is used as a mechanical filler and as a modifier of the TCE.
Nevertheless, it is important to mention that the observed values of resistance were higher than
the expected one’s, which shows that the dielectric should be optimised.
V . 1 . 2 . Additional tests on aluminium alloy and stainless steel 
substrates
Preliminary and promising studies [1] were carried out on other mechanically interesting
substrates, such as aluminium alloy (AlMgSi0.5, TCE = 24 ppm/°C), aluminium-silicon
composites (Osprey CE9, Osprey CE11 and Osprey CE17, TCE = 9 , 11 and 17 ppm/°C), and
ferritic stainless steel 1.4016 (TCE = 11 ppm/°C).
The 0.075-400-8 sample was fired on them in the range of 500-525°C.
Figure 1: Single resistor fired onto aluminium beam
Figure 2: Electrical response of the prototype
Applied force
Applications
170 Sonia VIONNET-MENOT
(Note that the obtained values on alumina substrate for these temperatures were respectively 7
and 5 kOhms and -100 and -50 ppm/K for 500 and 525 °C).
Moreover, in order to match the TCE of the substrates and the resistor and to isolate the two
materials, a dielectric layer was screen-printed on the surface of the substrate. This dielectric
was realised with the same V8-glass with different fillers in 40-50 %vol (alumina, cristobalite
or quartz) that serve to dimensionally stabilise the layer and to control its TCE.
Whereas this study presents R and TCR results, no measurement for the piezoresistive response
was realised.
The R and TCR results are summarised in table 3:
Note that the surface of the stainless steel was pre-oxidised during 1h-900°C to create an oxide
layer on the substrate surface, thereby improving the adherence of the dielectric thick-film on
substrate. This thermal treatment does not affect the electrical properties.
These results show that our experimental low-firing compositions have demonstrated promising
electric properties and chemical stability. Future work should concentrate on developing
dielectric with finer filler particles (< 20 µm), on improving the adherence on stainless steel
substrates by surface treatment or incorporation of adherence promoters, and on measuring and
optimising the gauge factor of the resistors for piezoresistive sensing applications. 
V . 2 . Determination of the heating flux from a laser in a hermetic 
packaging (glass substrate)
This example makes use of the high TCR observed in some samples, especially the 40 nm ones,
to make PTC (Positive Temperature Coefficient) thermistors.
V . 2 . 1 . Purpose of this study
The aim of this study is to solder a hermetic packaging based on two different components: a
glass base and a metal cover without heating the interior in order to allow sealing of sensitive
items such as organic compounds or biological samples. The sealing by laser was chosen,
because of the optimum hermeticity obtained by this technique (in opposite to sealing by glue
or elastomer seal) [2].
In this case, a metallic conductor + solder rim is screen-printed on the glass substrate and the
passage of the laser diode locally melts the solder, which seals the packaging after cooling.
substrate material dielectric 
composition
Tf
(°C)
R value 
(kOhms)
TCR value
(ppm/°C)
Al alloy V8 + quartz 525 20-40 -50
Al-Si composite V8 + alumina 525 25 -100
Stainless steel 
1.4016
V8 + alumina 500 15 -100
Table 3: R and TCR values of the 0.075-400-8 resistor as a function of substrate material
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V . 2 . 2 . Problems of soldering - role of resistors
However, this technique leads to local overheating of the materials and could destroy the glass
compound. Moreover, the diffusion of the heat inside the packaging could deteriorate the inside
electronic components.
To quantify the diffusion of the heat through the glass substrate, several V8-resistors have been
screen printed on the surface of the glass as depicted on figure 3. They are called R1..R5.
R1 and R3 measure the heating flux near the solder joint, whereas R2, R4 and R5 determine the
temperature of zones more distant from the laser.
Note that to favour local absorption of the laser beam and to increase heating efficiency, the
soldering joint is screen-printed on a black dielectric film. This black film is composed of the
V8-glassy matrix in which Co3O4 has been added to obtain the dark colour.
By this way, we expect that the black film will absorb the maximum of heat and thus limit the
heat diffusion inside the packaging.
Concerning the resistors, we used 0.11-40-8 samples fired at 500°C. Indeed, this resistive
composition exhibits adequate properties for this application, as it is characterised by a low R-
value (~ 300 Ohms, for Tf ~ 500 °C), a high TCR value (~ 800 ppm/°C), and the low firing
temperature characteristic of the V8 compositions. This high TCR value shows a great
dependence of the temperature, which is unwanted in the case of piezoresistive compositions as
it leads to a parasitic signal, but is advantageous for use as PTC thermistors, as it will be
sensitive to a small modification of the temperature of the glass substrate. Moreover, the
corresponding TCE of the V8-series and of glassy base are relatively compatible.
Another advantage is that such PTC resistors with low firing temperature are not available in
commercial pastes.
Figure 3: V8-resistances on the glassy base
R3
R1
R2
R4
soldering joint
R5
connections
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V . 2 . 3 . Determination of the heating flux through the substrate
V . 2 . 3 . 1 . Validation of the technique of measurement
Firstly, the screen-printed resistances were tested in function of the temperature to verify their
reliability. Figure 4 shows the evolution of the R-value vs. the temperature of the substrate for
the resistance R1.
We observe a linear reproducible evolution of the R value vs. the temperature. The five screen-
printed resistors present the same behaviour [3]. We can deduce that the further experiments
could be representative.
V . 2 . 3 . 2 . Some results
Different tests were realised to characterise the thermal flux in the packaging.
• Evolution of the temperature of the glassy base in function of the run speed of the laser 
spot on the joint.
Figure 5 shows the R1-response in function of time for different speeds of the spot.
t = 0 corresponds to the situation where the spot is on the right bottom corner of the joint. The
spot moves with different speeds to reach the right top corner. 
Figure 4: Evolution of the R1-value vs the temperature
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We observe that the maximum temperature is inferior to the temperature of the spot (140 °C),
and it depends strongly on the run speed of the spot. A future solution to avoid an overheating
of the substrate would be to increase the speed of the spot.
• Evolution of the heat flow through the glassy base in the case of a fixed laser spot.
These series of resistance allow determining the thermal diffusion when the spot keeps still. 
We decided to fix the spot on the left bottom corner (near R5) and to study the evolution of the
temperature vs. time for the R5, R4 and R2 resistors placed respectively at 4.3, 6.6 and 9 mm
from the spot (figure 6).
We observe that the temperature becomes stable after 90 seconds. This maximum temperature
decreases strongly if the distance between the spot and the resistances increases.
Figure 5: Evolution of the temperature (determined by R1) vs. time for different run 
speed of the laser spot
Figure 6: Evolution of the temperature vs. time for R5, R4 and R2.
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These two previous experiments will help us to determine the optimal parameters for laser
soldering.
In addition to the fact that this application shows that pastes with non appropriate properties for
piezoresistive sensors can be even used, this experiment showed a good adherence of the V8-
glass on the glassy substrate.
V . 3 . Future applications
V . 3 . 1 . A force sensing device for ligament balancing assistance in total 
knee arthroplasty (steel substrate)
This can be considered as a future application for our V6- or V8-resistors on steel. Until now,
the V8 glass was used to realise the crossover dielectric paste to apply on the steel substrate and
fired at 500°C, as commercial dielectric pastes do not support the strains imposed by the
substrate. 
A further step could be to use a V6- or V8-piezoresistive paste (because of its higher TCE) with
a high GF and a processing temperature from 500 to 650°C. A compromise will have to be
found between optimisation of steel mechanical properties (ideal: < 500°C, martensitic steel)
and of the stability of the resistors, which is much better for V6-based ones.
Note that for martensitic steels, 750°C is the absolute maximum firing temperature, as they
undergo disruptive phase transformation if heated above this limit. For austenitic steels, the
TCE mismatch is still quite large. Therefore, dielectrics should contain a high TCE filler, such
as quartz.
At present DP 2041 commercial paste is used but it is not optimum as its Tf is 850°C.
A brief description of the device follows.
V . 3 . 1 . 1 . Purpose of this study
The aim of this study was to resolve some problems of tibio-femoral misalignment and
ligamentous imbalance encountered in the case of total knee arthroplasty (TKA) [4,5]. Indeed,
ligament balancing in TKA is believed to have an important influence on the joint stability and
prosthesis lifetime. 
While current surgical tools and navigation systems help to achieve a precise alignment and
placement of the prosthesis, the ligamentous force balance is still qualitatively assessed by the
surgeon through manual trial movements of the limb. An objective and quantitative
intraoperatively measurement of the forces acting within the knee would help the surgeon to
improve the accuracy of the ligament balancing procedure, thus ensuring a good joint stability
and an increased prosthesis lifetime. Within this framework, we developed a new force-sensing
device for TKA. Indeed, unlike other systems reported in the literature [6-13], this device offers
simultaneously the advantage of real-time and precise measurements, keeping the patella in its
anatomical place and minimal bone resection, which helps to preserve the joint line.
V . 3 . 1 . 2 . Method of measurement
The developed force-sensing device consists of two sensitive plates, one for each condyle, and
a tibial base plate, which is fixed by customised surgical pins. Due to its small size and thickness
(6 mm), the device entirely fits inside the tibio-femoral gap with the patella in its anatomical
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place after an initial tibial precut. Lateral and medial wedges are used to adjust the device
thickness to the tibio-femoral gap. Each sensitive plate contains three deformable bridges
instrumented with strain gauges by using thick-film piezoresistive pastes (figures 7 and 8).
Applying a load in the sensitive area generates a vertical reaction force and a deformation in
each bridge, which is measured by the piezoresistive sensors. The bridges are designed for a
maximal total load of 500 N, which offers a sufficient safety margin, since passive loads acting
in the knee joint during the surgery are expected to vary between 0-100 N. 
Thick-film piezoresistive sensors [14] are used instead of standard bonded metallic strain
gauges, which are space consuming and difficult to sterilise.
Applying a load in the sensitive area of the device deforms the instrumented bridges
proportionally to the amplitude of the reaction forces generated in each bridge pillar. The
amplitude and location of the applied load can thus be determined from the static equilibrium
conditions. Based on the measurements of force amplitude and on the contact location of each
condyle, the parameter characterising the ligament balance, (called the varus-valgus moment of
the tibio-femoral forces) can be computed [15]. 
Teflon insulation cables and medical connectors are used to ensure the device’s autoclavability.
Furthermore, the sensitive plates are coated with a 10 µm parylene layer which makes the device
operational in an aqueous environment and fully biocompatible.
Figure 7: Sensitive plates of the force sensing device (the arrows show the bridges)
Figure 8: Deformable bridge
a. Deformable bridge with the 4 
piezoresistors
    (corresponding to the arrows on figure 7)
b. Representation of the applied strain on 
the material by finite element modeling
          (green:negative, bleu:zero, 
                                    and yellow/red:positive)
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V . 3 . 1 . 3 . Validation of the device
To validate the system, ex situ and in situ studies should be carried out [15].
• Intrinsic accuracy (ex situ studies)
The intrinsic accuracy of the device was evaluated by loading the sensitive area with weights
ranging from 0 to 100 N applied at 20 evenly distributed locations. 
The intrinsic accuracy of 1.4 N of maximum force amplitude and 0.6 mm of local error (which
corresponds to a 3 % relative error on the active measurement range), as well as the
measurement range of 0-500 N seem to be appropriate for this application. 
• Tests on plastic bones (in situ studies)
To determine whether the device is suitable for the purpose of ligament balancing, a control
experiment was performed with plastic bones equipped with adjustable springs, which
represented the collateral ligaments (figure 9). The tension of the springs was tuned to simulate
ten different degrees of ligamentous imbalance.
The plastic bone experiment showed the device’s suitability for the purpose of ligament
balancing as the measured varus-valgus moments were proportional to the applied spring force
differences.
 
• Cadaver Experiments
To make quantifiable measurements of what surgeons describe as a balanced knee joint, we
measured the tibio-femoral forces and moments in a balanced and an unbalanced condition.
The cadaver experiments demonstrated the adequacy of the measurement scale (0-500N) as
well as the consistency between the acquired data and the surgeon’s perception. In addition to
measurements in discrete positions, the device allows continuous measurement during full knee
flexions.
The proposed force-sensing device for ligament balancing in TKA provides not only the
amplitude of the tibio-femoral contact forces but also their varus-valgus moment, the main
parameter characterising the ligament balance.  
Figure 9: Plastic bone experiment
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Thanks to its quantitative and precise measurements, the developed force-sensing device has the
potential to improve the quality and repeatability of the ligament balancing procedure in TKA.
Further cadaver experiments will be performed to confirm these results and to quantify the
benefit of using such a device compared to the manual approach.
V . 3 . 2 . A pressure membrane sensor (steel substrate)
V6 and V8 series could be used because of their low Tf, as this kind of substrates doesn’t allow
processing temperatures significantly above 650°C because of the phase transformation or
softening of the steel between 750 and 900°C. 
V . 3 . 2 . 1 . Purpose of this study
The aim of this study is to replace the alumina pressure sensor (figure 10) that doesn’t present
the best properties. Indeed, the use of steel substrates could allow to obtain:
-  a higher signal due to its high elasticity (span for alumina: 2.4 mV/V, and for steel: 3.5 mV/V),
- a higher safety factor. At very high overpressures, the membrane deforms plastically, reducing
the stress and thus allowing higher overloads. Moreover, failure behaviour is much more
predictable, as the whole structure does not fail, as the case of Al2O3 (figure 11)..
As presented in figure 10, the applied pressure is determined by the wheatstone bridge screen
printed of the surface of the material.
In the case of too high pressure, we obtain different behaviours (figure 11).
Figure 10: Both side view of alumina (left) and steel (right) pressure sensors
Figure 11: Alumina (left, PN=200bar) and steel (right, PN=40bar) pressure sensors after 
destruction
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In the case of alumina, the break up goes through the bulk of the sensor, whereas for the steel
one, the damages are only limited to the membrane. For alumina and steel membranes, the
safety factor is respectively of 3.5 and 25 vs. the nominal pressure, PN.
The following picture (figure 12) shows the intermediate state for a low pressure (PN=20bar)
steel sensor before the break up, which shows the plastic deformation of the material (that is not
possible in the case of alumina).
V . 3 . 2 . 2 . Disadvantage of the used commercial pastes
For the same reasons as the previous application (arthroplasty), the present used commercial
pastes show a too high Tf. In the case of ferritic steel, a V6-paste could be suitable because of
its adequate TCE, although its Tf around 650 °C is little too high. In fact, we should find a
compromise between the properties of the resistors and the substrate. Regarding Tf, the V8-
system could be more appropriate but it seems less stable. On the opposite, although the V6-
system is characterised by an higher (but suitable) Tf, it presents more stable properties.
Nevertheless, a V8-paste could be proposed for austenitic or martensitic steels because of its
higher TCE and its lower Tf values.
Note that the martensitic stainless steels are more suitable for this kind of pressure sensor due
to their very high elastic properties and relatively good temperature stability.
Different samples could be proposed in the V6-series:
0.075-40-6-625, 0.06-40-6-650 or 0.03-40-6-650, as they are characterised with:
R ~15-20 kOhms
Tf ~ 650 °C
TCR values comprised between 100 and 250 ppm/°C according to the cateory of the steel
(austenitic, ferritic, or martensitic).
The V8-samples should be still optimised as their properties don’t fully satisfy to the above
mentioned conditions.
Figure 12: Plastic deformation of a steel membrane sensor before rupture
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V . 4 . Conclusion
The diverse applications proposed in this chapter show that successful results can be obtained
with our home-made piezoresistive pastes.
Our new piezoresistive pastes have already found present applications on more flexible
substrates (steel or aluminium) that can be used in different domains (medical, industrial...).
Moreover, it was shown that higher filler loadings can lead to compositions set aside other
applications that don’t use the piezoresistive effect, such as low-firing PTC thermistors. 
As explained previously, other complementary studies are needed to optimise these series of
low firing temperature pastes (improvement of the adherence, of the TCE ...), although these
first results already offer some interesting and promising perspectives.
Some ideas concerning future improvements will be described in the last part of this thesis.
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Conclusion
The main technological goal of this work was to develop a new generation of piezoresistive
pastes characterised by a low firing temperature process, in order to adapt them on aluminium
or steel substrates instead of alumina that presents less interesting mechanical properties.
To reach this goal, it was then inevitable to understand the behaviour of these pastes during the
firing and to correlate the evolution of the structure with the obtained electrical properties. The
study of these properties and the control of the components of these new pastes allowed us to
understand the conduction process between the conductive nanoparticles through the
nanocomposite, and to validate an unpublished hypothesis.
During this work, different results have been obtained concerning technological and more
theoretical goals. 
The structural analysis of standard commercial piezoresistive pastes allowed us to determine the
main components of a piezoresistive paste and to understand their role. In fact, thick-film
resistors consist of a percolating network of conducting oxide nanoparticles dispersed in an
insulating glassy matrix. The nature and the relative concentrations of the metallic and the
glassy phases as well as the fabrication procedures are key ingredients governing the thick-film
resistors electrical and piezoresistive properties. The tailoring of these factors and the
knowledge of their effects on the properties are therefore of primary importance in the
production of reliable thick-film sensor devices. 
From these results, different lead borosilicate glassy matrix were synthesised in order to
decrease the firing temperature process of the new pastes. At the end of this first part, a detailed
manufacturing process, that never been fully explained previously, was proposed.
A second part was dedicated to the study of the behaviour and the characterisation of our new
piezoresistive pastes. Three series of model pastes were realised with different firing
temperatures: a high (Tf = 700°C, called V2-series), a low (Tf = 600°C, called V6-series) and a
very low (Tf = 500°C, called V8-series) firing process temperature were obtained.
The control of several parameters (glass composition, conductive phase concentration, grain
size, firing temperature...) allowed us to direct precisely our research to emphasise the principle
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of conduction in such percolative systems and the reactions between the elements and their
influence / side-effect on the electrical properties. 
The three chosen series of pastes (V6, V2 and V8 pastes) offer complementary results by their
different behaviours.
From the point of view of theoretical goals, our novel hypothesis based on the Balberg model
has been successfully validated. Indeed, we took an interest to conductivity and piezoresistivity
measurements in disordered RuO2-glass composites close to the percolation threshold. We have
found that the fabricated samples display either universal or nonuniversal behaviour of
transport. The corresponding piezoresistive responses changed dramatically depending on
whether the composites were universal or not. For the composites with the critical exponent t ~
2, the piezoresistive factor Γ showed no dependence upon the RuO2 volume fraction x, whereas
the nonuniversal composites displayed a logarithmic divergence of Γ near the percolation
threshold. We have interpreted the piezoresistivity results as being due to a strain dependence
of the conductivity exponent t when its value is nonuniversal. 
As discussed, a logarithmic divergence of Γ was found to be fully consistent with the tunnelling-
percolation model of nonuniversality proposed by Balberg a few years ago. According to this
theory, when the tunnelling distance between adjacent conducting grains has sufficiently strong
fluctuations, the exponent t acquires a dependence upon the mean tunnelling distance a. An
applied strain could so disturb the piezoresistive response and engender a variation of t.
We have brought forth a microscopic formulation to the phenomenological level proposed by
Balberg, and we can now assert in view of such agreement between theory and experiments, that
TFRs are mainly nonuniversal compounds showing transport exponent t larger than the
universal limit t = 2.0. This exponent t depends on strain and leads to a logarithmic divergence
of the gauge factor.
The possibility of influencing t by external means (e. g. strain) has never been studied so far. 
We have proposed a new way to investigate percolative systems by studying the behaviour of
piezoresistive pastes.
From the point of view of technological goals, different aims have been reached. 
We found a relation between the structure evolution and the electrical properties, which could
allow us to optimise our piezoresistive pastes. Indeed, we showed the impact of different
parameters (Tf, dwell firing time, RuO2 grain size and concentration) on the main electrical
properties (R, TCR and GF). Structural analysis gave a possible interpretation of the results.
The increase of Tf improves the bulk homogeneity, which engenders a decrease of resistivity. It
could be explained by the fact that the intergrain distances are driven by penetration of the
glassy matrix between the RuO2 grains. At sufficiently high firing temperatures (and depending
on the firing time) the initial clusters are completely dispersed in the glass. 
This phenomenon lowers xc. In this case, this lowering could be due to microstructural changes
driven by physical, rather than chemical, RuO2-glass interactions. In this situation, the
percolation threshold is given by the small RuO2 particles rather than by the large RuO2
clusters, and it can be considerably lower than that at the first stage of firing. This mechanism
could qualitatively explain the gradual xc lowering with Tf shown in this work.
Moreover, it has been observed that high firing temperatures could provoke some modifications
such as reactions with the alumina substrate leading to segregation of the conductive phase.
Moreover, it is not excluded that, at very high firing temperatures, the glass viscosity is so low
that the heavier RuO2 particles may fall towards the bottom of the TFR (or the inverse case if
the glass reacts with the substrate), leading to a non-homogeneous distribution of the phases
engendering some modifications of the properties (xc appears to be effectively lowered). This
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latter possibility could be established by SEM observations of the vertical cross-section of the
samples. Whereas the phenomenon of reaction with the substrate has been observed, we were
not able to obtain clear SEM images confirming sedimentation of RuO2.
On the other hand, the increase of the dwell time and/or firing temperature decreases resistivity,
as kinetics of reactions are favoured.
Concerning the RuO2 parameters, it has been shown that larger grain size pastes presented
higher resistivity values. Indeed, the decrease of the specific area of the conductive grains does
not favour the current flow through the film. Moreover, the influence of the specific surface area
is emphasised by the fact that an increase of it lowers the percolation threshold value (xc).
The second more important parameter is the conductive phase concentration that shows a
percolative behaviour for low concentrations, expressed by an increase of the resistivity when
x becomes close to xc.
Concerning TCR evolution, the results are in correlation with the previous resistivity results.
Indeed, high TCRs corresponds to low resistivity values. Moreover, TCRs of small grain size
pastes are higher than TCRs of bigger grain size ones for the same resistivity value (the same
trend was observed for the resistivity evolution). This difference of TCR shows that the 40 and
400nm-resistors can be considered as two different materials, which shows the influence of the
grain size on the TCR values.
The study of the evolution of GF was mainly used to characterised the electrical transport, and
the evolution of GF depends on the universality or not, as explained before.
Whatever the paste-category, structural analysis didn’t reveal the apparition of new phases, but
showed a dependence of the microstructure vs Tf. Indeed, reactions between the substrate and
the glass of the resistor were observed, leading to a modification of the homogeneity of the bulk
resistor and thus, to a change of the electrical values. 
After the analysis of the properties of these new pastes, their sensitivity in function of the
process conditions and stability upon annealing were studied, because of limited available
information in literature concerning the effect of firing schedule, particularly of quenching and
to compare them to the commercial paste sensitivity / stability.
The influence of the firing schedule on the properties (R, GF and TCR) was found to be different
for the three tested compositions. But, their corresponding values remained coherent as a high
resistivity was associated to a low TCR and to a high GF.
V6 and V2-series were in accordance with the results of the commercial pastes. The increase of
the cooling rate increases the resistivity values, whereas the increase of dwell-time decreases
them. Moreover, we observed a combined influence of the cooling rate and the temperature
dwell-time on R and TCR values. The evolution of the values can be explained by diffusion
phenomenon and local microscopic strains due to important cooling rates.
However, V8 appeared to be strongly influenced by the dwell-time and temperature. A new
phase (lead ruthenate) was detected for the only 400 nm-series at 650°C. This was prompted by
the fact this system lies at the boundary between the RuO2 and Pb2Ru2O6 stability fields. The
fact that the nucleation of this new phase was favoured for only 400 nm grain size could be due
to morphological parameters of the particles.
Upon annealing at 250°C, only R changed significantly, and its stability was found to strongly
depend on composition and firing schedule. V8 exhibited the highest changes, whereas V2 and
V6 had comparable stability. 
In general, 40 and 400 nm size series were characterised by the same trend. 
The evolution of R upon annealing was also found to depend strongly on the cooling rate for
commercial and home-made pastes. The slower the cooling rate, the more stable the R value.
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Moreover, in general, stability of commercial pastes for a given cooling rate was found to
increase with the firing thermal budget. 
It is evident that these new series of pastes were not so stable as DP 2041 (R change < 1.0%).
Their variations were much similar to the ESL 3114 paste. This trend was expected as ESL 3114
is similar to our experimental pastes because of its low firing temperature ( ~ 625°C) and its
similar conductive phase composition (RuO2). Like commercial pastes, the evolution tends to
saturate.
If we compare the three experimental pastes, in spite of the much lower firing temperature of
V6, its thermal stability was comparable to the V2 ones. The pastes based on the V8 glass
presented the higher instability, because of its lowest firing temperature.
The stability of the microstructure and GF is in accordance with some authors, as they explain
that GFs of thick-film resistors depend to a greater extent on the microstructure of the material.
Modifying the cooling speed and the firing temperature affects both properties and annealing
behaviour. This could come from supersaturated Ru in the glass or from frozen-in local strains
between conductive phase and glass matrix. 
At 250°C, possible evolution mechanisms could involve Ru in glass (dissolved or in clusters),
or mechanical relaxation. Our investigation methods did not allow direct assessment of Ru in
glass, but local rearrangement of Ru in glass during annealing such as precipitation of
supersaturated Ru into clusters cannot be ruled out. Moreover, mechanical strain relaxation can
be extrinsic (macroscopic thermal mismatch between resistor and substrate) or intrinsic (local
thermal mismatch between glass and conductive phase), as explained before, which can later
relax during annealing. 
Another technological aim has been reached as we were able to manufacture low firing process
temperature piezoresistive pastes with different Tf to adapt them on other substrates. It allowed
to show that some essential parameters, such as a good compatibility of the TCE of the substrate
and the glassy matrix should be taken into account. But the best evidence of the success of our
pastes was the realisation of operational prototypes in different fields such as force and pressure
sensors on highly elastic substrates. Moreover, promising results were also obtained in the case
of PTC thermistors, that can be used for the thermal adjustment of measurement bridge of
piezoresistive sensors.
From a scientific point of view, this first step allowed to show that nanostructure, conduction
and properties are intimately linked. By choosing adequate and relevant composition, structure
and firing, we proposed a new way to unveil the conduction process that has not been yet
elucidated. But this trend should be confirmed by other complementary experiments.
From a technological point of view, good properties have been achieved with a low Tf (500-
600°C), a reasonable R-value (~ 10 kOhms), and good GF (~ 15). But, it is evident that these
pastes could be optimised, as, until now, a compromise should be made between low Tf and
stability of the values. Although the stability could be enhanced with a higher GF or adapted
TCR, they present a large range of applications because of their different Tf and their different
TCRs. Thanks to this particularity, these pastes could be used on different substrates.
To sum up, this work is relevant and innovating as it combines physical, chemical and material
phenomena and it is based on a new generation of low temperature piezoresistive inks using
standard pastes as reference. In order to validate our work, different functional systems have
been presented for applications on metal and even glass substrates.
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Outlook
This work has generated some open points that should be studied in more detail in future work
and that concern different fields.
• Optimisation of properties for technological applications
The very low Tf of V8-based resistors generates technological problems, because of their
instability (cracks) on alumina, due to their high TCE values. Alumina is however not their
intended use, and their high thermal expansion makes them a good match for metallic substrates
such as steels or aluminium alloys. 
Moreover, to improve their properties, some modifiers can be added to the glassy matrix to
decrease the TCE value. We can for example add a filler with a lower TCE such as Al2O3 or
amorphous SiO2 but it could alter the microstructure of the resistor and could react with the
glass. Another solution is to consider the diagram proposed by Trubnikov [1] which shows that
the TCE can be lowered by only changing the proportions of our three-component glass. For
instance, a simultaneous slight decrease of PbO and increase of B2O3 can decrease the TCE
without considerably changing Tf. But, it leads to moderate changes as, for this system, a
decrease of Tf generally increases the TCE. 
However, these modifications are not easy to achieve as the improvement of some properties
are often obtained to the detriment of other properties that can be negatively affected. In fact,
the glass composition corresponds to a subtle equilibrium between different parameters, and it
requires more detailed analysis.
In case of promising results study of the conduction mechanism could be carried out to be
compared to the V2 and V6 pastes results.
Moreover, it has been shown that the TCR values could be improved to be closer to 0 ppm/°C.
The usual approach to adjust the TCR values is to change the chemistry of the paste, namely to
include in the ink small amount of additives. Several solutions are described in the literature
[2,3,4].
For example, TiO2, MnO2, CdO, Rh2O3, V2O5 can be added as «negative TCR drivers», while
conversely CuO and precious metals are used as «positive drivers» [2]. Moreover, the addition
of rutile oxides such as TiO2, GeO2 or TeO2 in the glassy matrix increases the resistance and
decreases the TCR [3]. In fact, the addition of these compounds increases the thickness of the
glass barrier (as the glass viscosity is lowered) and reduces the impurity states in the glass by
limiting the solubility of the ruthenium ions.
Another method of compensation of TCR has been described [5]. The authors propose to mix
two conductive phases with close resistivity but with opposite TCRs. They use lead ruthenate
(TCR positive) and another semi-conductor Pb3Rh7O15 (TCR negative ~ -300ppm/°C) to
obtain an intermediate mixture with the same resistivity but an intermediate TCR.
Concerning the increase of GF values, different parameters can be adjusted. However, this value
is mainly linked to the microstructure of the paste and less to the composition of the conductive
phase [6-10]. Indeed, it has been observed [6] that commercial piezoresistive pastes like
ESL3414 (GF ~ 20) consist of rather large conductive grains in the glassy matrix. The more
homogeneous material with many small grains and short distances between the grains will have
low GF, while the material with larger average distances between grains will have a higher GF.
But, note that this kind of high GF pastes are generally characterised by an important noise
index and less table properties. Additionally, more attention should be paid to the analysis of
false high GF values that are due to microcraks, as described by Prudenziati et al [10].
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Even though a new generation of low-firing temperature piezoresistive pastes has been
performed, corresponding low firing temperature dielectrics and conductors should be realised
so that the different films, composing a system, should be compatible. Studies about
improvements of such dielectrics are in progress in our lab. Indeed, they are composed by the
same glassy matrix combined with different fillers (alumina, quartz or cristobalite) to adapt their
TCE and to stabilise them dimensionally, avoiding excessive interactions with subsequently
deposited conductive and resistive films [11]. Two solutions can be proposed: either the glass
is filled with an inert powder to stabilise the glassy matrix in order to limit its spread during the
different refirings, or the glassy matrix is filled with a reactive powder that reacts with the glass
stabilising it by causing devitrification and/or an increase of its melting temperature.
However, few studies concerning the adaptation of conductive pastes have been programmed
until now. Glass frit can be added to such conductive pastes to adjust their Tf, but the difficulty
lies in the compatibility between the different films (problems of chemical interactions at the
interfaces).
• Understanding of the physical mechanism of charge transport
The V2-paste category shows more ambiguous results as its percolative behaviour is not
pronounced. Although this series does not allow to completely reinforcing our previous results,
some signs of percolative behaviour are even so present. Other samples should confirm this
trend. In particularly, complementary x values closer to the xc threshold should be chosen. 
On the other hand, the piezoresistive response could be improved and studied from another
point of view if we consider an «extreme» system composed of a polymer/resin matrix in which
RuO2 particles are embedded. In this case, the system is composed by interconnecting stiff
conducting and soft insulating phases, and forms a heterogeneous system. Indeed, such metal
oxide is characterised by a high value of bulk modulus B (BRuO2: 270 GPa [12]), the glassy
phase has a B-value typically in the 40-80 GPa range, depending on composition, and the epoxy
matrix is characterised by a very low B-value ~ 3 GPa (Note that it exists other systems, such
as elastomer, that are characterised by lower B value). Hence, the metallic phase is much stiffer
than the insulating one so that there is a pronounced microscopic heterogeneity in the elastic
properties of TFRs. A straightforward consequence of this elastic heterogeneity is that TFRs
under an applied macroscopic strain should develop highly variable local strain fields. Higher
GF values than those for a homogeneous system are then expected [13]. The behaviour of such
pastes could be then the subject of a complementary study.
• Structural field
The observation of the evolution of the structure should be studied more precisely by TEM. A
particular attention should be given at the interface of the conductive grains (nanometer layer)
where new nano-phases can be detected (for example Pb2Ru2O6) [14-16]. More detailed studies
should be carried out in order to determine precisely the stoechiometry of the lead ruthenate
phase that is not trivial as a deficiency in oxygen has been observed leading to a Pb2Ru2O6+y
composition. The studies of Goodenough and Muller on properties of oxygen deficient
pyrochlores have shown that y corresponds in general to 0 [17,18].
Moreover, we could unveil the presence of supersaturated Ru in the glass that could be present
in the case of quenched pastes as supposed in our work. 
Concerning the V8-series, a new phase (lead ruthenate) was detected by XRD for the only
400nm-series. A TEM observation at the interface of the nano-conductive particles could give
complementary information about this new phase.
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• Material synthesis and fabrication of the pastes
This section concerns the both main phases: the conductive grains and the glassy matrix.
Instead of using commercial RuO2 grains, we could synthesise them in our lab by a water-based
solution-gel route [19]. The used precursors are less expensive than the obtained oxide. For
instance, by reacting ruthenium(III)acetylacetonate (which is not soluble in water) with H2O2
in a citric acid solution, a stable aqueous Ru-precursor solution can be prepared.
An advantage of this kind of technique is the control of the RuO2 grain size, a better
homogeneity, the nanoscale grains and the lower processing temperatures [20,21]. The use of
water as a solvent certainly adds environmental as well as economic benefits. This technique
has the advantage to obtain pure components contrary to the most water soluble Ru-compounds
that contain chloride ions (if synthesised with RuCl3) which deteriorate the electrical properties
of the final produced conductor materials. Once these chloride ions are introduced in the
solution, it is not evident to remove them.
In this case, the RuCl3 is precipitated in aqueous solution by an ammoniac solution [22-24]. The
obtained precipitate is the ruthenium hydroxide RuO2,nH2O that is washed to eliminate the
chloride ions then calcined to obtain RuO2.
A last solution is to oxidise metallic ruthenium in air or oxygen [25].
Another solution to limit the cost of these piezoresistive pastes is to replace the conductive
phase by other less expensive oxides. Successful experiments with cadmium oxide thick film
resistors (with a lead-cadmium glass system: PbO-CdO-BaO-B2O3, Tf ~ 650°C) have been
carried out [26], although the use of nonnoble materials for resistor systems makes the resistors
more susceptible to atmospheric effects both during firing and subsequent environmental aging.
Small amount of RuO2 was added to the CdO system to obtain an easy regulation of TCR and
sheet resistance. Indeed, it was found that very fine particles of RuO2 coated substantially larger
grains of CdO. Thus connection of these areas into conductive chains can be realised by means
of very fine particles of RuO2.
Piezoresistive pastes have been realised with IrO2 [27] that can be considered as a quite stable
phase (non interacting) in high lead glasses, but that is a very expensive material. The high GF
and low TCR values observed in the IrO2 based systems emphasise the interest in continuation
of research in resistive systems based on this conductive phase for stable and high performance
thick film piezoresistors. Note that this compound can be synthesised by the same sol-gel route
as RuO2 [24].
Concerning the glassy matrix, a major challenge lies in the trend toward environmentally
friendly materials. Our potentially toxic lead borosilicate glass should be replaced by a lead-free
glass. This problem of toxicity is particularly acute for medical applications because of a
possible dissolution of lead in human body. Another reason to replace lead is the fact that this
compound is sensitive for firing temperatures above 800°C, which leads to a partial
evaporation.
However, we should explain that the manufacture of a lead-free glass with the same properties
as the original used (low Tf, high TCE, ...) is not easy to obtain as explained by Prudenziati et
al [28] who evidenced a myriad of complex phenomena including devitrification, relevant
bleeding of the glass on alumina substrates, anomalous distribution of conductive grains in the
glassy matrix and phase separation. Its results emphasise the criticality in the choice of the glass
composition for the preparation of lead-free thick-film resistors.
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